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Chapter 1 
 
 
Literature survey on Spintronics 
 
 
 
 
1.1 Introduction 
 
The demand for smaller, faster, cheaper and more energy efficient electronic devices may 
soon no longer be met with conventional inorganic and purely charge-based electronics. 
Almost all electronic devices on the market today are based on CMOS (Complementary 
Metal Oxide Semiconductor) technology.1 Here, the electron charge is used to create 
electrical currents, which allows a device to function. The method currently applied to 
increase the performance of these devices is the reduction of the size of every 
component. This route has been famously described by Moore’s law since the beginning 
of CMOS electronics, which states that the number of transistors on integrated circuits 
doubles approximately every 18 months.2,3  
 
The optical resolution of lithographic techniques to manufacture even smaller silicon chips 
is limited by the wavelength of the light source used. Deep ultraviolet (DUV) 
photolithographic techniques has shrunk the size of transistors to ~ 200 nm at the start of 
the former decade4, and succeeded to reduce this value a few years later to 45 nm by 
using two coherent DUV laser beams to produce wavelengths that are shorter than the 
wavelength of individual DUV lasers (destructive interference effect).5 Intel reduced the 
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size of transistors to 22 nm in 2011, and is aiming for 14 nm (2013) and 10 nm (2015) in 
the near future. Not only lithographic procedures, but also the material properties at the 
nanometer scale impose difficulties.6-8 When an applied barrier (isolation) in an electronic 
circuit becomes too small, electrons begin to tunnel through the system and cause 
leakages.9,10 For that reason, new bottom-up techniques are currently explored. 
 
A new degree of freedom other than charge was found in the form of the electron spin, 
which connects the magnetic properties of a device with its electrical resistance (called 
magnetoresistance).11 The earliest example of magnetoresistance, anisotropic 
magnetoresistance (AMR), was reported by William Thomson (Lord Kelvin) in 1857. 
Rectangular pieces of iron and nickel were shown to possess a different electrical 
conductivity (ΔR/R ≈ 0.7%) when they were placed parallel or antiparallel in magnetic field 
lines.12 With the invention of quantum mechanics in the 20th century, it became clear that 
this effect originates from the spin-orbit coupling of electrons, a relativistic effect which 
couples the electron spin Ԧܵ with its angular momentum	ܮሬԦ. In the next 130 years, there was 
hardly any significant improvement in the performance of magnetoresistance effects. 
Permalloys of iron and nickel (Fe20Ni80) were found to be the most useful materials in 
magnetic disks and as sensors of magnetic fields, but the magnetoresistance effect was 
still very small. The general consensus in the 1980’s was that it was not possible to 
significantly improve on this effect.13    
 
The giant magnetoresistance (GMR) effect, unexpectedly discovered by Albert Fert and 
Peter Grünberg in 198814,15, displayed a far greater change in electrical resistance and 
marked the beginning of a new field of electronics.16 Spin electronics, or “Spintronics”, is 
used as a general term for systems that use the spin of electrons to carry information, 
instead of the charge that is being used in conventional electronics to provide device 
functionality.17-19 The energy scale needed to manipulate the spins of electrons in a typical 
spintronic device is orders of magnitudes smaller than in typical charged-based 
electronics. Therefore, the power consumption, and simultaneously, the problematic heat 
generation, decreases, which is a definite gain over conventional electronics. Moreover, 
by choosing magnetic materials with high enough Curie temperatures (> 500 K), devices 
can be engineered for commercial use that retain their information/configuration in the 
absence of electricity (non-volatile).20  
 
Spin-based devices quickly made the transition from the lab to several commercial 
industries.21,22 In less than ten years, this principle was applied in the read heads of 
computer hard disk drives. Although these read heads already used a similar, but much 
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smaller spintronic effect (AMR)23, they were rapidly replaced with spin valve heads by IBM 
in 1997 that relied on GMR.24 These were more sensitive, much smaller, and increased the 
density of information by four orders of magnitude (from ~ 0.1 gigabyte up to ~ 1 terabyte 
per square inch) between 1991 and 2012.25,26 The developments in spintronic research 
made it possible to store gigabytes (up to terabytes) of data on hard-disks, iPod’s, ultra 
light laptops and other portable gadgets.27 For their decisive contribution in the 
development of magnetoelectronics, Albert Fert and Peter Grünberg were awarded the 
Nobel prize in Physics in 2007.13,28 
 
1.2 Giant magnetoresistance effect  
 
Grünberg used a trilayer system composed of nanometer thick layers of Fe/Cr/Fe (Figure 
1A), while Fert used multilayers of iron and chromium that lead in the latter case to a 
magnetoresistance of ≈ 85% by applying a magnetic field (Figure 1B).13 
 
Figure 1) Magnetoresistance (MR) of (A) the trilayer system Fe/Cr/Fe of Grünberg (measured at 
room temperature). The thickness was 120 Å for both iron layers and 10 Å for the chromium layer. 
(B) the multilayer system (Fe/Cr)n of Fert (measured at 4.2 K). 10 kG = 1 Tesla. These pictures were 
reproduced from Fert et al.13 
 
The magnetoresistance effect can be best understood by a simplified density of states 
(DOS) diagram of the magnetic configuration of such a trilayer system (Figure 2). The DOS 
represents the number of spin up (N↿) and spin down (N⇂) electrons that are present in 
the system, which have a broad distribution of different energies (E). Unlike free atoms, 
which have discrete atomic energy levels, broad energy levels are present in metals due to 
the many orbitals that are present.13 In the ground state, all electrons are filled in the 
lowest energy levels, and the highest occupied energy level is called the Fermi energy (EF). 
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According to the exclusion principle for fermions, only one electron can occupy a 
particular state. Each state is degenerate with respect to its spin and can therefore host 
both an electron with spin up and an electron with spin down. Ferromagnets are 
characterized by an unequal amount of spin up and spin down electrons that are present 
in the groundstate, which leads to an asymmetric DOS diagram for both spin populations. 
In the absence of a magnetic field (Figure 2A), both ferromagnetic layers have an 
antiparallel configuration (most energy efficient). In the presence of a magnetic field 
(Figure 2B), most of the spins of the electrons in the ferromagnetic layers will align in the 
direction of the magnetic field (parallel configuration). 
    
Figure 2) Schematic representation of the density of states (DOS) diagram for a trilayer structure of 
Fe/Cr/Fe. (A) The two magnetic layers have an antiparallel configuration (high resistance). Spin 
dependant scattering events occur at the interface of the second iron layer. (B) The two magnetic 
layers have a parallel configuration (low resistance). The direction of the magnetization (M) is 
illustrated by the thick arrows between the two spin populations (N). The dashed curved arrow 
represents low spin currents, and the solid curved arrow high spin currents. EF is the Fermi level. 
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Electrons that participate in electrical conduction are those at the Fermi level. Since these 
are different for spin up and spin down electrons, these electrons will experience different 
resistivities.13 When a current is applied in the system of Figure 2A (antiparallel 
configuration), the output current will be low (high resistance). In the parallel 
configuration (Figure 2B), the output current will be high (low resistance). This difference 
in resistance is caused by spin dependant scattering. The total amount of spin up and spin 
down electrons that are transported from the first ferromagnetic to the second 
ferromagnetic layer are in both situations the same. In case of the parallel configuration 
(Figure 2B), the arriving electrons have a high probability to enter the free states of the 
second iron layer, since the spin polarization (M) of the first layer matches that of the 
second layer.25 This means that the spin polarized electrons that tunnel through the cobalt 
layer find the free states relatively easy. The solid curved arrow indicates that the low 
resistance of the system is caused by the spin up currents that pass through the system 
without being scattered. Spin down currents (dashed curved arrow) pass the trilayer 
structure as well in Figure 2B, however less spin down currents are present compared to 
the amount of spin up currents (dotted curved line). This leads to a low contribution of the 
spin down electrons to the total amount of current that is being transported. In case of 
the antiparallel configuration (Figure 2A), the spins find themselves in an upside-down 
situation when they arrive at the second ferromagnetic layer. Here, the free states that 
are available for spin up electrons are now exactly the same as for the spin down electron 
in the first ferromagnetic layer and vice versa. This prevents most of the electrons from 
entering the second iron layer, which results in spin-dependant scattering events at the 
interface of the chromium and the second ferromagnetic layer.29 In general, the 
effectiveness of the spin-filtering effect (GMR ratio) can be defined as:   
 
ܴீெோ 	= 	
ܫ௉஺ −	ܫ஺஺
ܫ஺஺ 																																																																																																																												(1) 
 
Where, IPA is the current being measured in the parallel alignment, and IAA the current 
measured in the antiparallel alignment.  
 
The difference in conductivity between the trilayer system of Grunberg and the multilayer 
system of Fert (Figure 1) can be explained by the fact that in the latter case the spin filter 
effect is much better, because it contains more alternating iron and chromium layers. 
These experiments were conducted at different temperatures, however the experiment of 
Grunberg (Figure 1A) was also repeated at 5K which showed a GMR effect of 10%.15  
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1.3 Organic Spintronics 
 
The search for new materials is a major topic of spintronic research. A new research field 
is developing, that aims to export the concepts of conventional inorganic Spintronics to 
devices made of organic semiconductors (coined “Organic Spintronics”).30,31 Besides the 
lower costs to produce organic materials in bulk, these devices have a lower energy 
consumption, are much lighter, more flexible, and contain less heavy metals that are toxic 
to the environment. In principle there are no restrictions regarding the use of inorganic or 
organic materials in these devices.32 Although organic semi-conductors have the 
disadvantage of low carrier mobility (i.e. slow movement of the conducting electrons or 
holes), by using low molecular weight atoms like carbon and hydrogen, they offer the 
advantage of weak spin-orbit and weak hyperfine interactions.33 Spin-orbit coupling 
describes the interaction between the electron’s spin and its orbital motion around the 
atomic nucleus. The spin-orbit coupling grows with the atomic number Z (which scales as 
Z4). Organic materials consist mainly of low Z atoms (mainly carbon and hydrogen), 
therefore the spin-orbit coupling is small in organic materials compared to inorganic 
materials. Hyperfine interactions originate from interactions of the electron spin with that 
of the atom’s nucleus. In π-conjugated molecules, transport is mainly through molecular 
states localized over the carbon atoms. Carbon, is in its most abundant isotopic form 
present as carbon-12, which has a nuclear spin of SN=0. Carbon has therefore a low spin-
orbit coupling and is not hyperfine active, which causes organic molecules to preserve 
their spin information much longer than their inorganic counterparts before the spin 
changes its orientation.34-36 In addition, the bandgap in these semiconducting materials 
can be readily tuned by synthetic means.37,38 This allows researchers to modify the 
molecular structure to the desired conformation and property. 
 
Although several reports on magnetoresistance effects using organic semi-conductors 
have already been published39-42, this field is still in its infancy and much more research is 
needed before Organic Spintronic devices will see commercial applications.43-46 A major 
problem is the proper connection of bulk polymers or molecules to the surface of the 
electrodes.47 Inefficient orbital overlap at the ferromagnetic contacts between polymers 
or molecules, and between randomly aligned molecules in the bulk leads to inefficient 
transport of spin information (scattering events). Therefore, it remains unknown how the 
device operation can be understood at the atomic level. Controlling the quality and nature 
of the interfaces between the organic molecule(s) and the inorganic components is 
therefore clearly critical to yield a reproducible spin-valve magnetoresistance.48 
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1.4 Molecular Spintronics 
 
The field of Molecular Spintronics aims to replace the bulk organic material with a single 
(metal) organic molecule as a spacer material.48,49 This allows researchers to perform local 
measurements on molecules to relate geometry to the electronic structure of a device. 
Wiring a single molecule between a pair of electrodes is no longer an unreachable task in 
the world of modern nanotechnology.50 Many efforts have been put in the construction of 
single molecular devices51-53 by using scanning tunneling microscopy (STM).54-56  
 
1.4.1 Construction of single molecular devices using STM 
 
When STM is used to construct a single molecular device, the current flows from the STM 
tip via the molecule into the opposite electrode when a bias is applied (Figure 3).  
 
Figure 3) Schematic representation of a single molecule measured in a STM setup. When a bias is 
applied, a current will flow from the STM tip, through the molecule, to the gold substrate.  
 
There are several techniques to connect molecules between the STM tip and the substrate 
(Figure 4A-D). When a molecule is covalently attached to the metallic substrate, the STM 
tip can be placed above the substrate and lowered until it contacts one of the molecules 
(Figure 4A). Another approach is to hold the STM tip close to a substrate that has a below-
monolayer coverage of molecules (Figure 4B). In this way, the chance to construct a single 
molecule contact is higher compared to the situation in Figure 4A. A third possibility is to 
functionalize the molecule first with a gold nanoparticle, and then lower the STM tip onto 
the monolayer (Figure 4C).31 It was found that this technique improves the reproducibility 
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of the measurements. A fourth possibility is to place the STM tip in contact with the 
substrate and allow the molecules that are in solution to connect at both ends (Figure 4D).  
 
The drawbacks of STM are that it can be difficult to find a single molecule on a surface and 
to know how much force must be applied to make a good electrical contact.57 
Furthermore, poor contacts limit junction transport and a relatively large vacuum gap 
exists between the measuring tip and the top (connection point) of the adsorbed molecule 
on the metallic surface, which results in very small currents.58 
 
Figure 4) Schematic representation of four different methods to connect a molecule to a STM tip. (A) 
The tip is lowered onto a substrate which is completely covered with molecules that are covalently 
attached. (B) The tip is lowered onto a substrate which contains a small amount of molecules 
attached. (C) The STM tip is lowered on a molecule, which is functionalized with a gold nanoparticle. 
(D) The STM tip is brought in close contact with the substrate, and the molecules that are in solution 
connect to both ends of the substrate and the STM tip by pulling the STM tip in an upwards motion.    
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1.4.2 Mechanically controllable break junctions 
 
A more popular technique to address a single molecule between two metallic electrodes is 
by using mechanically controllable break junctions (MCBJ’s).59-62 Compared to STM, the 
setup for this system is relatively easy (Figure 5A). Here, two conductive wires (usually 
gold) are glued on top of a flexible substrate and are then functionalized with molecules 
from solution (Figure 5B). The flexible substrate is then bent using the piezo element until 
the wire breaks in the middle (Figure 5C). A monolayer is now present at the wire break 
junction, and the two ends are brought together until a single molecule has formed the 
bridge (Figure 5D). 
 
Figure 5 (A) Schematic representation of a typical MCBJ setup. (B) First, a monolayer of molecules is 
formed on the gold wire. (C) Then, the wire breaks by applying a voltage on the piezo element, 
leaving two loose ends that are functionalized with a monolayer of molecules. (D) The two tips are 
brought together until a single molecule connects the two halves.   
 
Break junctions require experimental finesse and modern microfabrication facilities. The 
amount of functional devices that can be produced in this way is therefore rather 
limited.63 In general, it is important to understand what is being measured. Besides proper 
contacting64, the contact angle between the molecule and the electrodes determine the 
conductivity at the atomic scale as well.65-69 Broad conduction distribution histograms are 
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observed by repeatedly measuring the same systems.70,71 This technique is therefore not 
very suitable to produce devices on an industrial scale for commercial use.  
 
1.4.3 Carbon nanotubes 
 
In the past, carbon nanotubes (CNT’s)72-74 have been used as a spacer molecule between 
metallic contacts (usually noble metals) for the fabrication of single molecule based field-
effect transistors (FET).75-79 The advantage of using this kind of material to transfer spin 
information, is that they are robust, easy to manipulate, have a high electron mobility (i.e. 
Fermi velocity (ݒ௙)) which decreases the carrier dwell time80, and like other organic 
molecules, they have a low spin-orbit coupling that ensures a long spin lifetime. To realize 
a carbon nanotube based spin valve, a multi-walled carbon nanotube (MWNT) was placed 
between half-metallic LSMO (La0.7Sr0.3MnO3) electrodes (Figure 6A).
81 The conduction at 
low temperatures in LSMO electrodes exhibits a very high spin polarization, which allows 
for a better spin polarized injection into the nanotube compared to similar MWNT systems 
that have cobalt electrodes.82 No reason was mentioned for the use of MWNT’s instead of 
single-walled carbon nanotubes (SWNT), but Naber et al.30 comment that although 
SWNT’s are better suited for spin transport studies (less scattering), contacting is much 
more difficult because of its smaller diameter compared to MWNT’s. Furthermore, the 
mechanical stability of SWNT’s is lower, they are more difficult to synthesize and are much 
more expensive. 
 
Figure 6 (A) SEM image of MWNT on top of two LSMO (La0.7Sr0.3MnO3) electrodes. The gap is 1.5 µm 
in length, but the exact diameter of the nanotube is unknown. (B) Magnetic field of the system in 
Figure 6A was swept between -150 mT and 150 mT with an exitation voltage of 25 mV (ΔR/R = 61% 
at 5 K).81 
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A large magnetoresistance (MR) of 61% was observed by switching the LSMO electrode 
magnetizations between the parallel and antiparallel configuration. This large MR value 
can be explained by writing the expression to calculate the MR ratio in the following way: 
 
ܯܴ =	ோಲುି	ோುோು = 	
ఊమ/(ଵିఊమ)
ଵା	ఛ೙/ఛೞ೑
                                                                                                             (2) 
 
Where, γ is the electrode spin polarization, τn is the dwell time and τsf is the spin lifetime 
of the electrons in the nanotube. The combination of LSMO electrodes that have a high 
spin polarization, and nanotubes which are composed of carbon atoms that have low spin-
orbit interactions (long spin lifetime) that carries electrons very fast through the organic 
material (low dwell time), explains the high MR values that are found. The 
magnetoresistance drops with increasing temperature, which is attributed to the thermal 
suppression of the spin polarization (shorter spin lifetimes). At 120 K, no MR effect is 
present anymore. 
 
Filling carbon nanotubes with electron donating species (cobaltocene) has been carried 
out in 2005, which could prove to be an intelligent way to design nanotubes with tunable 
or new magnetic properties.83,84 Nevertheless, the future of CNT spintronic applications 
will largely depend on a better understanding of the electronic properties in relation with 
its spin before the technology will enter the commercial market.85,86 
 
1.4.4 Graphene 
 
Probably the most exciting scientific discovery of the last decade is graphene. A flat 
polyaromatic two-dimensional layer of sp2 hybridized carbon atoms that are tightly 
packed in a honeycomb conformation (Figure 7).  
 
The three-dimensional (diamond, graphite), one-dimensional (carbon nanotubes) and 
zero-dimensional (fullerenes) allotropes of carbon were already known, but the two-
dimensional material (graphene) was still missing. Graphene was expected to be 
thermodynamically unstable and unable to exist. It was assumed that thermal fluctuations 
in such low-dimensional structures would lead to displacements of atoms (decomposition 
or segregation), and graphene was therefore regarded an academic material.87 Geim and 
Novoselov astonished the scientific world by isolating single layers of graphene from 
highly oriented pyrolytic graphite (HOPG) in 2004, by simply peeling the graphite with 
Sellotape.88 The material turned out to be transparent, flexible, light weight, dense, 
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stronger than steel (breaking strength in graphene was determined to be about 200 times 
higher than steel), and possess unusual thermal, optical, electronic and magnetic 
properties that have never been seen before. For their discovery of this material both 
researchers were awarded the Nobel prize in Physics in 2010.89  
 
This opened the door to create new materials and innovative electronics. Many 
fabrication techniques are now carefully optimized to produce single layer graphene 
sheets in large industrial sizes90, with rolls of rectangular sheets of graphene with a 
diagonal distance of ≈ 30 inch being the largest produced so far.91,92 The list of possible 
applications for this material is long. Replacing silicon transistors with graphene 
transistors, paper-thin transparant displays that can be rolled-up, transparant touch-
screens, super strong materials by blending a small amount of graphene in plastics, 
extremely sensitive gas sensors, inert coatings, and solar cells are just a few examples.93,94  
 
Figure 7) Schematic representation of a 2D layer of graphene (top), 0D fullerene (left), 1D nanotube 
(middle) and 3D graphite (right). This picture was reproduced from Geim et al.87 
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Due to its unique magnetic and electronical properties95-97, it is also one of the most 
exciting organic based materials that could be used for spintronic applications in the 
future.87,96 Mobilities (µ) are already one magnitude higher (≈ 1.5*104 cm2V-1s-1) under 
ambient conditions than that of modern silicon transistors, and ballistic transport occurs 
already over distances as large as 0.3 µm, which will both increase as the quality of 
samples improve. Many of the extraordinary features of graphene derive from the 
combination of its dimensionality and its very peculiar band structure where the electrons 
mimic massless relativistic particles (Dirac fermions), which means that the electronic 
properties of graphene are such that the electrons travel with the speed of light in this 
material. The electronic properties of electrons are then more accurately described by the 
Dirac equation rather than using the Schrödinger equation, which leads to much more rich 
physics which has so far only been described theoretically.96,98-101 The peculiar band 
structure changes to a more common one when more than three layers of graphene are 
stacked, which changes its behaviour drastically.   
 
The switching in typical ferromagnetic materials (Figure 2) that has been discussed so far 
(FM – spacer – FM) in spin valves is different for graphene nanoribbons (graphene with 
smooth edges).102,103 In common spin valves (FM – spacer – FM), the spacer group acts as 
a medium to transport spin information, and the amount of resistance depends on the 
polarization of the ferromagnetic electrodes. In case of zigzag-shaped graphene 
nanoribbons (ZGNR), the spacer group can be regarded as an extra ferromagnetic material 
(FM – FM – FM), which gives rise to an extreme enhancement of the magnetoresistance 
effect. Here, the graphene adjusts its magnetic ordering along the edges of the ribbons 
with respect to the polarization of the electrodes (Figure 8). If the polarization of the 
electrodes is parallel, the spin polarizations of the ZGNR along the edges are parallel 
aligned as well (Figure 8, left). If the polarization of the electrodes are antiparallel, a 
magnetic domain wall is formed in the middle between the parallel and antiparallel spins 
along the edges, and no spin transport occurs due to the orbital symmetry mismatching at 
both sides (Figure 8, right). Basically, the magnetoresistance in a ZGNR spin-valve is not 
only determined by spin matching of the DOS at the ferromagnetic electrodes, but also 
depends on the orbital symmetry matching in the DOS structures. This twofold separation, 
in combination with the high mobilities of the charge carriers and long spin coherence 
times in graphene, could potentially lead to an ideal spin valve with extremely high MR 
values that operates at room temperature.104  
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Figure 8) Schematic representation of a zigzag-shaped graphene nanoribbon (ZGNR) based spin-
valve device with parallel (left) and antiparallel spin configuration (right).102 The ZGNR skeleton is 
placed between two ferromagnetic electrodes (black boxes). The corresponding spin-magnetization 
density isosurfaces are shown below, where the dark and light colors correspond to spin up and spin 
down configurations respectively. 
 
1.4.5 Molecular magnets 
 
Molecule-based magnets105-110 (including magnets that contain unpaired electrons111,112) 
have been reviewed very recently in a special issue of Chemical Society Reviews (issue 6, 
2011). In general, single molecule magnets (SMM) typically consist of a three dimensional 
inorganic cage-like framework of transition metals that are in most cases covalently linked 
to each other via oxygen113, nitrogen or sulfur atoms114, and possess a surrounding shell of 
chelating ligands that can be chemically engineered in such a way that the magnetic 
properties of the system can be tuned.  
 
The Mn4 cluster (Figure 9A) consists of 20 unpaired electrons, two ligands that chelate to B 
and D, and two ligands that bridge between A-B and C-D respectively.113 Acetate and 
trifluoroacetate bridging ligands were used because of their large difference in electron 
withdrawing character and similarity in size. The benzoate ligand was used as an 
intermediate system, which is expected to have an electron density character between 
that of the acetate and trifluoroacetate group. The clusters have a S = 0 ground state (no 
magnetic field) and saturate in a S = 10 state at high magnetic fields (Figure 9B). It was 
shown that more electron withdrawing substituents on the chelating ligands 
(trifluoroacetate groups) make it possible to reduce the strong antiferromagnetic 
interactions in the molecule. This leads to a situation where the metal ions have almost no 
interaction with each other anymore (uncoupled system). If the metal atoms were 
ferromagnetically coupled, the system would reach full saturation at very low magnetic 
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field (i.e. the curves would be on the other side of the dotted line). These results show 
that the magnetic properties of metal clusters can be modified through the electron 
withdrawing character of the ligands, which constitute another class of single molecular 
magnets that are of interest in the field of Molecular Spintronics. 
 
Figure 9 (A) Schematic structure of the Nijmegen Mn4 cluster that consists of four manganese 
atoms, four oxygen atoms and four coordinating carboxylate ligands.113 (B) Magnetometry results at 
T = 4.2 K. The inset shows the magnetic molar susceptibility measurements at low temperatures. 
 
Typical strong spin-coupling bridging ligands between the individual metal atoms (e.g. 
oxides, cyanides, azides, oxalates and anilates) generally lead to an antiferromagnetic 
coupling. The strongest spin-coupling was found to exist in metal centres that are linked to 
each other via molecules that contain radicals (like TCNE, TCNQ or nitronyl nitroxides), 
which leads to a net magnetic moment and order as a ferrimagnet via direct spin-coupling. 
This work has been recently reviewed in detail by Miller.112 However, to translate these 
systems into real devices, a better understanding of the magnetic properties of molecular 
magnets is still needed.115-117 So far, Mn6 clusters
118 hold the record for the highest 
blocking temperature (Tb = 86 K), which is the temperature to which a molecule retains its 
magnetization. However, this is still far below room temperature, which is needed to have 
the potential to enter commercial markets.119 
 
1.4.6 Metallocenes  
 
An example of a molecular magnet that, according to calculations, contains all ingredients 
to perform the same operation as a spin valve, is an acetylene bridged bicobaltocene 
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molecule (Figure 10).120 Compared to ordinary spin valves, the active spins are now moved 
from the leads into the molecule.  
 
Figure 10) Geometry optimization of an acetylene functionalized bicobaltocene using the spin 
unrestricted B3LYP level of theory and TZVP basis set.120 The calculated metal to ligand distance 
(1.78 Å) is in good agreement with literature values obtained for other metallocenes (1.72 Å).121 
 
The d7 configuration in individual cobaltocene molecules is of particular interest, because 
the single electron resides primarily in a degenerate (ࢋ૚ࢍ∗↑ )૚ antibonding molecular orbital 
(Figure 11).122  
 
Figure 11) Molecular orbital scheme for cobaltocene (middle). On the left are the energy levels for 
both cyclopentadienyl rings, on the right are the energy levels for the cobalt atom. This picture is 
reproduced from Ammeter et al.122  
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A switch is formed by regulating the alignment of the individual spins at the two cobalt 
centres (Figure 12). The mechanism responsible for electronic communication between 
the two cobalt centres through intervening bonds (superexchange123), naturally leads to 
an antiparallel (singlet) configuration (Figure 12A) of the individual spins in the ground 
state (lowest energy).  
 
Figure 12) Spin polarized electron transport through an acetylene bridged dicobaltocene in (A) the 
antiparallel configuration, and (B – C) the parallel configuration. Dashed curved arrow represent low 
spin currents (high resistance), and the solid curved arrow high spin currents (low resistance). 
 
When the cobaltocene spins are aligned antiparallel, the unpaired electron has for 
instance its spin up on the left side of the molecule and down on the right side. The result 
is that the spin down electron density at the Fermi level is located on the right, while the 
spin up density is located on the left at the Fermi level. This leads to a low conductivity, 
because a large part of the molecule is for either spin difficult to penetrate when a current 
is applied (indicated by the dashed curved arrow). 
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In the parallel configuration (Figure 12B and 12C), both spin up electrons at the cobalt 
centres occupy the (ࢋ૚ࢍ∗↑ )૚ orbital, while spin down states are absent around the Fermi 
level. When a current is applied, the spin up electrons travel from lead to lead, while the 
spin down electrons are blocked. This produces in theory the spin valve effect, but the 
calculations conducted by Liu et al.124 were performed at very low temperatures, and 
extremely high magnetic fields are required to change from the antiferromagnetic to the 
ferromagnetic configuration. A singlet-triplet splitting of J ≈ 12 meV was calculated by Liu, 
while the TURBOMOLE program found an exchange coupling constant of J = 24.1 meV 
(using the B3LYP/TZVP geometry).120 In the presence of two thiol groups at both ends of 
the cyclopentadienyl rings of Figure 10, the antiferromagnetic coupling was calculated to 
be even slightly higher (≈ 28 meV). For comparison, a magnetic field of about 10 T is 
required to induce a 1 meV shift. This energy difference is too large for spintronic 
applications under realistic magnetic fields.  
 
A better way of switching the alignment of a spin in a single molecule is by using the 
electrostatic spin crossover effect (ESCE).125 The idea behind this effect, that only occurs in 
molecules with a super-exchange magnetic interaction (like cobaltocene), is to change the 
relative energy line-up of the different spin states that are needed to induce a crossover. 
This simply means that the magnetic state of a molecule, preferably asymmetric 
molecules, can be controlled electrically. More advanced calculations by Baadji et al.126 in 
2009, demonstrated that no critical electric field exists at which the exchange interaction 
between the two cobalt centres of the molecules shown in Figure 8 can be changed from 
the antiparallel to the parallel configuration. In asymmetric polar molecules (Figure 13), 
where a methoxy, amine, trifluoromethane or cyanide is directly attached to one of the 
cyclopentadienyl rings (R group), an ESCE effect (i.e. switching from a singlet to triplet 
configuration) occurs at a relatively low voltage (between 0.75 and 1.57 V/nm).126  
 
Figure 13) Electrostatic spin crossover (ESCE) effects that were calculated for different bridged 
cobaltocene dimers (R = hydrogen, methoxy, amine, trifluoromethane or cyanide). The number 
between brackets is the potential (V/nm) that needs to be applied to alter the spin alignment. 
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In other words, ESCE will not work on a symmetric molecule. To be able to confirm the 
theoretical predictions, it is highly desirable to work on the synthesis of asymmetrically-
bridged cobaltocene molecules as an all-molecular spin valve.    
 
1.5 Purpose, justification and outline of the thesis 
 
The field of Molecular Spintronics aims to replace the metals that are present in 
conventional spin valves by single (metal) organic molecules. Besides the lower costs to 
produce organic materials in bulk, these devices have a lower energy consumption, are 
much lighter, more flexible, and contain less heavy metals that are toxic to the 
environment. The main theme of the thesis was to work on the synthesis and 
characterization of magnetic materials that have the potential to be used in the field of 
Molecular Spintronics (with an emphasis on cobaltocenes).     
 
In this chapter, an introduction into the rather young field of (Molecular) Spintronics was 
provided, giving a brief overview of the latest development of devices that have been 
constructed so far, and which molecules are of potential interest to work on. Chapter 2 
describes the synthesis of several bridged cobaltocenium molecules. Chapter 3 describes 
the synthesis and electrochemical properties of cobaltocenes that are attached to the 
surface of electrodes. Chapter 4 describes the synthesis and characterisation of ferrocene 
and cobaltocenium functionalized polyisocyanides. Chapter 5 describes the synthesis of 
various metal containing tetraphenyl porphyrins that have been studied with UHV-STM, to 
understand the effect on the electronic and conformational properties when a monolayer 
of these molecules comes in contact with different metal surfaces. The last section will 
reflect on the research described in this thesis, and will discuss new starting points for 
further research on some of the molecules that have been worked on in this thesis.  
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Chapter 2 
 
 
Synthesis of conjugated bicobaltocenes 
 
 
 
 
2.1 Introduction 
 
Cobaltocene belongs to the family of sandwich complexes that was discovered rapidly 
after the elucidation of the structure of ferrocene by Wilkinson and Fischer in 1952.1 
Instead of this 19-electron complex, air-stable 18-electron cobaltocenium salts are often 
used to carry out reactions. The development of new materials in cobaltocenium 
chemistry progressed slowly, especially when this is compared to the amount of 
substituted ferrocene derivatives that have been published so far.  
 
2.1.1 Mono and disubstituted cobaltocenium salts 
 
Besides cobaltocenium hexafluorophosphate (1), only a few synthetic papers on mono 
and disubstituted cobaltocenium salts have been published in the past 60 years (Chart 1).2-
15 The inert character of the cyclopentadienyl rings is often mentioned in papers as the 
biggest problem to introduce functional groups. No specific reason is mentioned why that 
is the case, but most of the cobaltocenium salts which are described in literature are 
prepared in relatively low yield, require elaborate work-up procedures, harsh reaction 
conditions or involve many synthetic steps. Cobaltocenium derivatives that are most 
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frequently used in synthesis are the acid chloride16 (4), carboxylic acid17 (18), and 
phosphine (24)10,13,18 functionalized hexafluorophosphate salts to perform simple 
condensation reactions, or in the latter case, coordinate to other organometallic 
complexes. An extensive amount of ion-selective sensors that contain a cobaltocenium 
moiety were prepared in this way, by linking these via a condensation reaction to 
molecules that contain a chelating functionality to trap specific anions or cations.19,20  
 
Chart 1) Overview of mono and disubstituted cobaltocenium hexafluorophosphate salts that have 
been published. Numbers between brackets refer to the corresponding references. * May also 
contain other counterions than PF6
-. 
 
2.1.2 Host-guest chemistry 
 
In Nature, specific molecules in biological systems recognize each other to form well-
defined complexes. The ability of molecules to selectively bind to each other, like a key fits 
a lock, is called host-guest chemistry. To get a better understanding of how such complex 
mechanisms evolved, more simple analogues were fabricated and pioneering work was 
done by Cram, Lehn and Pedersen. They designed several host molecules that can capture 
cations, anions and neutral molecules (guest) in a selective and specific way without 
forming covalent bonds. Their work on host-guest chemistry was awarded the Nobel prize 
in Chemistry in 1987, and inspired many researchers to build different cage-type 
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analogues to trap specific molecules and study the properties that are responsible for such 
strong binding interactions.21 Cobaltocenium salts were used in host-guest studies in β-
cyclodextrin (35)22, cucurbit[7]uril (36)23, calix[4]arene (37)24, and resorcinarenes (38 and 
39) which are shown in Chart 2.25  
 
Chart 2) Structures of host molecules that were used in host-guest studies with cobaltocenium 
hexafluorophosphate: β-cyclodextrin (35), cucurbit[7]uril (36), calix[4]arene (37), and resorcinarene 
(38 and 39).  
 
Cobaltocenium hexafluorophosphate (1) does not form complexes with β-cyclodextrin 
(35) in solution (Scheme 1).  
 
Scheme 1) Cobaltocene (40) binds in water as a guest molecule to cyclodextrin (represented as a 
toroidal cylinder) with a binding constant of K = 2*103.  
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The cationic nature of 1 prevents it from binding in the hydrophobic cavity of β-
cyclodextrin in water. Non-covalent binding can be accomplished by electrochemical 
reduction to neutral cobaltocene (40).26,27  
 
This is different for cucurbit[7]uril (36). Instead of cobaltocene (40), cobaltocenium 
hexafluorophosphate (1) forms a stable 1:1 complex with this host in water.28 Binding to 
36 was not only attributed to an excellent fit in the cavity, but as well to a combination of 
hydrophobic effects with its inner cavity, and additional ion-dipole interactions with the 
oligourea rims. This lead to binding constants of K > 106, which is about 1000 higher than 
the binding constant of cobaltocene with 35 (K = 2*103). It was furthermore shown that 
the binding constant of 1 with 36 decreased by a factor 1000 upon reduction to its neutral 
form (40), which suggests that ionic interactions play an important role in terms of 
stability and binding in these complexes.   
 
Calixarene (37)29 forms a dimeric complex with cobaltocenium salts in dichloroethane, and 
resorcinarenes (38 and 39)30 form hexameric capsules in dichloromethane. No binding 
constants were calculated for these systems, but 1H-NMR and electrochemical data show 
that guest molecules remain bound, even upon electrochemical reduction. These hosts 
are some nice examples of container-like molecules that bind the cobaltocenium cation by 
a combination of cation-π, van der Waals, and ion-pairing interactions.  
 
Quite recently, the field of bio-organometallic chemistry has received a considerable 
amount of interest for the antibacterial31 and antitumor32 treatment studies that were 
performed with different peptide functionalized cobaltocenium salts. In the latter case, it 
was shown with live-cell fluorescence microscopy that a specific cobaltocenium 
heptapeptide was taken up in human liver cancer cell lines (HepG2) and accumulated 
specifically in the nuclei. This is quite remarkable since this is the first time that a non-
radioactive metal complex was allowed to pass through the cellular membranes without 
being blocked by endosomes or excreted by P-glycoproteins from the cell. Targeted 
delivery in the nucleus of the cell and interaction with DNA has been suggested as the 
mode of action for antitumor treatments with organometallic complexes. However, 
studies performed with the cobaltocenium functionalized heptapeptide didn’t show if 
cellular uptake was only limited to (specific) cancer cells or to healthy cells as well. 
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2.1.3 Conjugated cobaltocenium complexes 
 
Conjugated (π-bridged) cobaltocenium complexes in combination with a wide variety of 
different metals have been prepared in the past to form redox-active metal centers (Chart 
3).5,33-39  
 
Chart 3) Selection of conjugated cobaltocenium hexafluorophosphate salts that have been 
published. Numbers between brackets refer to the corresponding references. * May also contain 
other counterions than PF6
-. ** Contains a tetrafluoro borate (BF4
-) counterion. 
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The individual metal centres can feel the presence of the other metal due to the 
conjugated bridge that separates them.40,41 Electronic communication between metal 
centres can be tuned by choosing the appropriate linker, which is an important asset and 
is reviewed in detail by Ceccon and others.42 It was concluded that the efficiency of 
intramolecular communication for both homobimetallic and heterobimetallic compounds 
depends on the strength of the coupling between the metal centres, their oxidation state 
and the type of linker used. Short unsaturated spacers were shown to be most efficient in 
transporting electrons (57 – 62), with alkyne bridges (62) to be considered the best for 
their rigidity. This allows for a strict control of the molecular geometry. Fulvalene (41 – 
48), fulvalene-like (49 – 51), and other fused aromatic structures (52 – 56) are less 
suitable. Steric hindrance may cause the metal complexes to bend by adding substituents 
to one of the rings, which results in a loss of aromaticity and a subsequent decay in 
electronic communication.  
 
Calculations by Liu et al.43 in 2005 showed that compound 63 is of potential interest as a 
molecular spin valve (Chart 4A). More advanced density functional theory (DFT) 
calculations in 2009 showed that compound 64 (Chart 4B), is unsuitable as a molecular 
spin valve.44 As explained in more detail in paragraph 1.4.6, no dipole moment is present 
(p < 0.02 D) between the metal centres in symmetric cobaltocene dimers, hence an 
electrostatic crossover effect (ESCE) is absent. Asymmetric analogs 65 – 68 were found to 
be more promising. Calculations by Baadji et al.44 show that the introduction of a 
methoxy, amine, trifluoromethyl, or cyanide group to one of the cyclopentadienyl rings, 
should result in a working spin valve due to its larger dipole moment.  
 
Chart 4) Calculated cobaltocene molecules as spin valve (A) in 2005, and (B) in 2009. 
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2.1.4 Aim 
 
From a synthetic point of view, it is very difficult to introduce (extra) substituents on the 
cyclopentadienyl ring(s) of cobaltocenium salts due to its highly inert character (paragraph 
2.1.1). In addition, the amount of synthetic literature on cobaltocenium salts is very 
limited. Therefore, it was decided to work on the construction of conjugated (asymmetric) 
cobaltocenium molecules that are more within reach from a synthetic point of view (Chart 
5). This circumvents the functionalization of one of the cyclopentadienyl rings to introduce 
a possible asymmetry in the molecule.  
 
Chart 5) Target molecule. Bridged cobaltocene molecule, which has the possibility for the 
introduction of a functional group (asymmetry) in the conjugated linker.  
 
The different bridged cobaltocenium molecules that were prepared are summarized in 
Chart 6.  
 
Chart 6) Bridged cobaltocenium molecules that were synthesized. 
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Although no asymmetry is present in these molecules, it was explored if this would be 
possible. The synthesis of 62 will be discussed in paragraph 2.2. Compounds 74 and 78 
were prepared via a Huisgen 1,3-dipolar cycloaddition reaction (click reaction), and will be 
discussed in paragraph 2.3. Compounds 80 and 85 were prepared via a palladium 
catalyzed coupling reaction and will be discussed in paragraph 2.4. The techniques that 
were used (if applicable) to characterize the different compounds are: 1H-NMR, 13C-NMR, 
IR, UV-Vis, electronspray ionisation mass spectrometry (ESI-MS), high-resolution mass 
spectrometry (HRMS), and cyclic voltammetry.    
    
2.2 Acetylene-bridged cobaltocenium dimer 
 
2.2.1 Synthesis of the acetylene-bridged cobaltocenium dimer 
 
It was decided to first construct a relatively simple acetylene bridge between two 
cobaltocenium molecules. Schottenberger published a paper in 1993 about the synthesis 
and electrochemical properties of compound 62 (Scheme 2).39  
 
Scheme 2) Synthetic route of Schottenberger to synthesize compound 62.39 Reagents and conditions 
used: (a) 1 eq. lithium ethynylide TMEDA-complex, THF, 0oC, Ar, sonicated for 15 min., 68% yield. 
(b1) step 1) 1 eq. MeLi (1.6M solution in Et2O), hexane, 0
oC to r.t., stirred for 30 min., Ar. step 2) 1.5 
eq. TMEDA, 1,2-dimethoxyethane (DME), 0oC, Ar. step 3) 1.1 eq. CoCp2PF6, sonicated for 45 min., 
29% yield. (b2) step 1) 1 eq. MeLi (1.6M solution in Et2O), DME, 0
oC, stirred for 30 min., Ar. step 2) 
2.1 eq. CoCp2PF6, DME, Ar, no yield determined. (c) 2.1 eq. tritylium hexafluorophosphate, CH2Cl2, 
r.t., stirred for 90 min., Ar, no yield determined. 
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The proposed reaction mechanism of the different reaction steps in Scheme 2 is illustrated 
in Scheme 3.  
 
Scheme 3) Proposed reaction mechanism for the formation of compound 62. 
 
The first step (a) was published some years earlier by Wildschek et al.5, and involves a 
nucleophilic addition of the lithium ethynylide tetramethylethylenediamine (TMEDA) 
complex to the aromatic cyclopentadienyl ring of 1, which in turn donates two electrons 
to the metal centre which is reduced to cobalt (I). The acidic hydrogen on the acetylide of 
69 can then be removed with methyllithium (b1, step 1), and the acetylide is activated 
upon addition of TMEDA (b1, step 2). Then, 1.1 equivalents of cobaltocenium 
hexafluorophosphate (b1, step 3) is added, and the activated acetylide attacks the 
cyclopentadienyl ring of 1, which in turn donates two electrons to the metal centre which 
is reduced to cobalt (I) to form 70.39 In the final step (c), two equivalents of tritylium 
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hexafluorophosphate eliminate the endo hydrogens on the cyclopentadienyl rings of 70 as 
hydrides.45 This is supported by the cobalt (I) centres which donate two electrons back to 
the cyclopentadienyl rings to restore its aromaticity. Both metal centres are then oxidized 
to form the more stable 18-electron cobalt (III) salt (62). It was found by Schottenberger 
that compound 62 could even be synthesized via b2 by choosing 1,2-dimethoxyethane 
(DME) as a solvent (Scheme 2). No further explanation was given for the success of this 
quite remarkable reaction. It is unexpected that an extra equivalent of cobaltocenium 
hexafluorophosphate in step 2 of route b2 will remove the endo hydrogens of the 
cyclopentadienyl rings. No mechanism is proposed for this reaction. 
 
In our studies (Scheme 4), it was found that compound 69 could be prepared in a slightly 
higher yield compared to the work of Wildschek5 (Scheme 2).   
 
Scheme 4) Towards the preparation of compound 62. Reagents and conditions used: (a) 1.2 eq. 
lithium ethynylide TMEDA-complex, THF, 4oC, sonicated for 15 min., Ar, 77% yield. (b1) step 1) 1 eq. 
MeLi (1.6M solution in Et2O), heptane, 0
oC to r.t., stirred for 30 min., Ar. step 2) 1.5 eq. TMEDA-
complex and 1.1 eq. CoCp2PF6 in dimethoxyethane, 0
oC, sonicated for 45 min., Ar. (c) excess of 
tritylium hexafluorophosphate, CH2Cl2, r.t., stirred for 90 min., Ar. From 
1H-NMR was determined 
that the molar ratio for compounds 1 and 11 is ≈ 1:1. 
 
Instead of using 1 equivalent of lithium ethynylide TMEDA-complex, it was found that the 
addition of 1.2 eq. of this reagent increased the yield with a few percent. A possible 
explanation for this might be that the TMEDA-complex reacts with trace amounts of water 
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that may be present in the solvent or the air. However, a combination of strong sonication 
and slow addition of the lithium ethynylide TMEDA-complex to a solution of 1 in dry THF, 
were found to be most crucial to obtain a high yield. This increases the absolute yield of 
the reaction by about 50%. A sequence of reaction steps need to be carried out to prepare 
compound 70 from 69 by using route b1 (Scheme 3).  
 
Although the same reaction conditions were applied as Schottenberger used to prepare 
compound 70 from route b1, it was found that the 
1H-NMR spectrum of the reddish 
product that was isolated from the column after step 3 contained multiple product peaks 
(Figure 1).     
 
Figure 1) 1H-NMR spectrum of the reddish product that was isolated after applying the reaction 
conditions of route b1. 
1H-NMR (C6D6, δ (ppm), 400 MHz, isolated products): 1.81 (1H, d), 2.69 (4H), 
3.50 (2H), 4.45 – 4.55 (11H), 4.95 – 5.15 (4H). 1H-NMR (C6D6, δ (ppm), 60 MHz, Schottenberger data 
of compound 70): 2.60 (pseudo-q, 4H), 3.39 (pseudo-t, 2H), 4.37 (s, 10H), 4.95 (pseudo-t, 4H).  
  
The resonances in the 1H-NMR spectrum are close to the values Schottenberger found for 
compound 70, but it can only be concluded that a mixture of unknown products was 
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measured here. Multiple resonances are present that could not be assigned, the integral 
values are incorrect, and the shape of the different resonances could not be assigned to 
the different protons of compound 70 as well. The usage of heptane instead of hexane as 
a solvent in step 1 can not be excluded as a possible cause for this result, however it 
seems unlikely that the lithium salt is not formed in heptane, because the polarity of both 
media are comparable. Another possibility could be that the dimethoxyethane which was 
used in route b1 (step 2) was not dry enough. Water protonates the lithium salt in route b1 
(step 2), which prevents the activated acetylide in route b1 (step 3) to attack the 
cyclopentadienyl ring of 1. Although dimethoxyethane was refluxed for 1 week over 
sodium chunks, and subsequently stored under argon in a flask with molecular sieves after 
vacuum distillation to prevent this, it would have been better to check the water content 
by a Karl-Fischer titration before using it. A third possibility could be that compound 70 
was indeed formed, but reacts with small traces of oxygen to form other products which 
are more stable. It was found that a solid sample of compound 69 degrades within 2 days 
in air, this could be faster for compound 70 since two cobalt (I) centres are present in this 
molecule. Although the system was kept under inert conditions during the reaction, it 
could be that some oxygen entered the system upon purifying compound 70 by using 
column chromatography. Both the eluent (diethylether) and the packed alumniumoxide 
column were flushed with nitrogen to prevent this, but it could be that still some oxygen 
was present in the pores of the stationary phase of the column. Finding an eluent that 
allows the products to migrate slower on the column (Rf < 1) would have been better as 
well. This would be helpful to isolate and characterize the different products that were 
formed during the reaction.  
 
A 1H-NMR spectrum of compound 69 in benzene was not measured. This spectrum may be 
correlated to the 1H-NMR spectrum shown in Figure 1, and clarify if this compound is the 
major product that is present. The 13C-NMR data (see experimental section) shows more 
resonances than expected for five nonequivalent carbon atoms, which is a further 
indication that indeed multiple products are present. It is not possible to compare the IR 
data with the results of Schottenberger, since the isolated product was measured in 
solution instead as a solid in KBr. No fragmentation peaks were found by using ESI-MS. An 
alternative technique which may work to characterize compound 70 is field desorption, 
where molecular ions can be generated from non-volatile and/or thermally unstable 
materials.46  
 
Although compound 70 could not be isolated (if formed), it was decided to use the 
mixture of compounds for route c (Scheme 4). At first, 266 mg of this mixture was 
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dissolved in 20 ml of dry dichloromethane, then 514 mg (1.3 mmol) of tritylium 
hexafluorophosphate (excess) was added. The orange reaction mixture turned black 
immediately upon addition of the latter compound, which was observed by 
Schottenberger as well. The reaction mixture was concentrated after stirring for 90 
minutes, and was brought on an aluminiumoxide column (eluent: diethylether/acetonitrile 
= 3/1 (v/v)). A yellowish band eluted, which was isolated and analyzed using 1H-NMR 
(Figure 2). It was found that a mixture of compounds 1 and 11 was obtained. The presence 
of compound 1 is remarkable, since this indicates that the carbon-carbon bond between 
the cyclopentadienyl ring and the acetylide is cleaved during the reaction.  
 
Figure 2) 1H-NMR spectrum of the isolated yellowish band after route c. 1H-NMR (CD3CN, δ 
(ppm), 400 MHz, mixture of cobaltocenium hexafluorophosphate (1) and ethynylcobaltocenium 
hexafluorophosphate (11)): 5,67 (s, cobaltocenium hexafluorophosphate), 3.71 (s, 1H, acetylene-H), 
5,69 (pseudo-t, 2H, J = 2.1 Hz), 5.70 (s, 5H), 5.91 (pseudo-t, 2H, J = 2.1 Hz). 1H-NMR (CD3CN, δ (ppm), 
60 MHz, Schottenberger data of compound 62): 5.77 (s, 10H), 5.78 (pseudo-t, 4H, J = 2.1 Hz), 5.98 
(pseudo-t, 4H, J = 2.1 Hz). 
 
Instead of MeLi, a 1.6M solution of BuLi in hexane was used In route b2 (Scheme 3). This 
reagent is a stronger base than methyllithium, which could be of influence on the 
reaction. Therefore, these results can not be compared with the results that were found 
by Schottenberger. The reaction was still carried out, and a yellowish band eluted from 
the column after work up, which was isolated and characterized by 1H-NMR. It was found 
that only compound 1 was present. This is not very surprising, since 2.1 equivalents of 
compound 1 were added to the reaction mixture.  
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2.2.2 Analysis of the acetylene-bridged cobaltocenium dimer 
 
The 1H and 13C NMR data of the products that were formed after c in Scheme 4, were 
found to be exactly the same as found for the reaction of compound 69 with tritylium 
hexafluorophosphate (Scheme 5). This is remarkable, since its unexpected that compound 
1 is formed when only the endo hydrogen of compound 69 is eliminated by tritylium 
hexafluorophosphate in b. Apparently, the carbon-carbon bond between the 
cyclopentadienyl ring of 69 and the acetylene bond is broken, which is clearly different 
than a mechanism that only accounts for the elimination of endo hydrogens as hydrides 
by tritylium hexafluorophosphate as shown previously in Scheme 3 (b1, step 3). It was also 
found that compounds 1 and 11 were formed in different molar ratio’s in both systems by 
applying the same reaction conditions. This indicates that the reactions are not very 
reproducable as well. 
 
Scheme 5) Preparation of ethynylcobaltocenium hexafluorophosphate (11).5 Reagents and 
conditions used: (a) 1.2 eq. lithium ethynylide TMEDA-complex, THF, 4oC, sonicated for 15 min., Ar, 
77% yield. (b) 1.0 eq. tritylium hexafluorophosphate, CH2Cl2, r.t., stirred for 90 min., Ar. From 
1H-
NMR was determined that the molar ratio for compounds 1 and 11 is ≈ 1:3, with a yield of 1% and 
4% respectively in the final step.  
 
Compounds 1 and 11 stick on the stationary phase of chromatography columns packed 
with different grades of aluminium oxide (see experimental). Many attempts are needed 
to obtain a decent amount of compound 11. Using silicon oxide as stationary phase in the 
column didn’t work as well, which is most likely caused by the excellent fit of 
cobaltocenium salts in the inorganic framework of silica. Behrens et al.47 propose that 
hydrogen bonding type of interactions between the CH groups of the cyclopentadienyl 
rings, and the silicon oxide groups form a strong host-guest complex. The distance 
between the CH hydrogen and the oxide is comparable to the distance of a hydrogen bond 
(≈ 2.8 Å), which might be an explanation for the retardation of the column. 
 
To explain the formation of compounds 1 and 11 from 69, the following radical 
mechanism is proposed (Scheme 6).48 In the first step (a), tritylium hexafluorophosphate is 
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oxidized to a radical cation by the cobalt (I) centre of compound 69. This step is based on 
the work of Hayes et al.49, who showed that tungstenocene is able to oxidize the tritylium 
cation, owing to its electron acceptor ability of the tritylium cation. The cobalt (II) centre 
then donates an electron to the η4-1,3-cyclopentadiene ring, and the carbon-carbon bond 
between the metallocene unit and the acetylene bond is homolytically dissociated (b1). 
Compound 1 is formed, and the tritylium radical may recombine with the acetylene 
radical. It is also possible that the carbon-hydrogen bond is cleaved between the 
cyclopentadienyl ring and the endo hydrogen (b2). This allows for the formation of 
compound 11.  
 
Scheme 6) Proposed reaction mechanism for the formation of compounds 1 and 11 from 69. 
  
The electrochemical data that was published in the paper of Schottenberger (Figure 3A), 
was compared to a cyclic voltammogram (CV) that was taken from the products formed 
after step c in Scheme 4, and step b in Scheme 5 (Figure 3B).  
 
Interestingly enough, the shape of the CV in Figure 3A is quite similar to the CV in Figure 
3B (black line). Also the peak separation of the anodic and cathodic peaks in both figures 
are the same (ΔV = 180 mV), which were assigned to two succesive one electron 
Chapter 2   
44 
reductions of both cobalt atoms in the bridged dimer of Schottenberger.39 The fact that 
the redox potential Schottenberger finds (E0 = -0.84 V) is much higher than the reported 
value for cobaltocene (E0 ≈ -1.34 V)50, is attributed to the fact that the recorded spectrum 
in Figure 3A was not calibrated against the formal potential of the ferrocene/ferrocenium 
redox couple at 0 V (reported in the paper to be +0.42 V).51-53 This is a plausible 
explanation for the potential difference of ΔE0 ≈ 40 mV with the data in Figure 3B (E0 = -
1.33 V). 
 
Figure 3 (A) Cyclic voltammogram (CV) of compound 62 (published in the paper of 
Schottenberger)39, two anodic peak currents are present at a potential of Ea = -0.66 V and -0.84 V 
respectively. Measurement was performed in acetonitrile/0.1M TBAH using a Ag/AgCl reference 
electrode (Vscan = 100 mV/s). The potential in Figure 3A is corrected against the E0 of the 
ferrocene/ferrocenium redox couple (+0.42 V), but not adjusted to E0 = 0 V. (B) CV of compounds 1 
and 11 using the reaction conditions of step c in Scheme 4 (black line), and the CV of compounds 1 
and 11 using the reaction conditions of step b in Scheme 5 (grey line). Two anodic peak currents are 
present at Ea = -1.12 V and -1.30 V respectively. Measurements were performed in acetonitrile/0.1 
M TBAH using a 0.1 M Ag/AgNO3 reference electrode (Vscan = 100 mV/s). The potentials in Figure 3B 
were corrected against the E0 of ferrocene in acetonitrile (E0 = +50 mV), and adjusted to E0 = 0 V. 
 
The fact that the shape and height of the grey line in Figure 3B is different than the black 
line, is attributed to the formation of more equivalents of 11 in step b of Scheme 5, and a 
lower concentration of both products in acetonitrile. Compounds 1 and 11 were usually 
formed in a ≈ 1:1 molar ratio, but as mentioned before, deviations were found by applying 
the same reaction conditions.  
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From 1H-NMR and cyclic voltammetry, it is not possible to conclude that the data of 
Schottenberger39 is wrong, although CV data strongly suggets the formation of a mixture 
of compounds 1 and 11. However, it can be concluded that the the synthesis of compound 
62 (Scheme 2) in the paper of Schottenberger is not reproducable. This underlines the 
following statement that was made in the paper: “However, in some cases our attempts to 
prepare binuclear bridged metallocene complexes by chemical oxidation of the (ƞ4-
cyclopentadiene)(ƞ5-cyclopentadienyl)-cobalt moiety of the complex failed and we hoped 
that electrochemical oxidation might be more successful”.39    
 
2.3 Triazole-bridged cobaltocenium dimers 
 
An acetylene functionalized cobaltocenium compound is in potential a very versatile 
building block, owing to the numerous reactions that can be carried out on the acetylene. 
In the remainder of this chapter, this versatility will be explored. 
 
2.3.1 Click reactions of ethynylcobaltocenium hexafluorophosphate 
 
The acetylene functionalized cobaltocenium salt (11) can also be used to couple 
cobaltocenium units with an azide, in the presence of a base and copper (I) iodide. The 
Cu(I) catalyzed variant of the Huisgen 1,3-dipolar cycloaddition, or more popular: “click 
reaction” 54-56, was performed between an azide functionalized β-cyclodextrin (71) and 
compound 11 by Diallo et al.57 in 2010 (Scheme 7). The aim of the work of Diallo was to 
make use of the redox properties of the coupled cobaltocenium hexafluorophosphate 
with β-cyclodextrin (72) to monitor the encapsulation of guest molecules in β-cyclodextrin 
for sensor device applications.  
 
Scheme 7) Copper(I) catalyzed Huisgen 1,3-dipolar cycloaddition of azide functionalized β-
cyclodextrin (71) and compound 11 to synthesize compound 72. Reagents and conditions used: step 
1) 1 eq. of compound 71, 4 eq. of compound 11, 4 eq. CuSO4*5 H2O, DMSO. step 2) dropwise 
addition of 8 eq. sodium ascorbate solution in water, r.t., stirred overnight, Ar. step 3) 2M ammonia, 
r.t., stirred overnight. 
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Unfortunately, it was not mentioned in the experimental section how 11 was synthesized 
without forming 1. It was stated that the same experimental conditions were used as 
described in the paper of Wildschek5, which is a different result as shown previously in 
Scheme 5.    
 
Before the work of Diallo was published, click reactions had already been carried out by us 
to couple compound 11 and 1,4-diazidobenzene (73) in acetonitrile to synthesize a 
bridged cobaltocenium dimer (Scheme 8). Therefore, other reaction conditions were used 
as described in the paper by Diallo. The use of Cu(I) species in combination with 
acetonitrile, and the reagents that are mentioned in Scheme 8 were reported to produce 
high yields in the work of Horne et al.58 Compared to their work, there is no specific 
reason that more than 1 eq. of Cu(I) iodide, and less than 1 eq. of N,N-
diisopropylethylamine (dipea) and 2,6-dimethylpyridine were used for this reaction.  
 
Scheme 8) Double click-reaction of a mixture of compound 1 and 11 (≈ 4:6 molar ratio) with 
compound 73 to synthesize compound 74. Reagents and conditions used: 0.6 eq. 1,4-
diazidobenzene (73), 0.8 eq. CuI, 0.8 eq. dipea, and 0.8 eq. 2,6-dimethylpyridine, CH3CN, r.t., stirred 
overnight, Ar, no yield could be determined.  
 
A light brownish precipitate was present in the flask after stirring overnight, which was 
only slightly soluble in acetonitrile and acetone. Several washing steps with common 
organic solvents (e.g. acetonitrile, dichloromethane, water and methanol) were used to 
rinse the precipitate. Further purification by means of preparative TLC in acetonitrile 
(stationary phase: silica or aluminium oxide) appeared to be unsuccessful. 
Recrystallization in acetone, DMF, DMF/diethylether, acetonitrile and THF were 
unsuccessful as well. It was concluded from ESI-MS that compound 74 is present (Figure 
4A). The isotope pattern at m/z = 293 for the mass fragment shown in Figure 4A (black 
line) is the same as the calculated isotope pattern for this mass fragment (grey line). The 
mass fragments at m/z = 373, 613, and 699 could not be assigned. The amount of protons 
in the 1H-NMR spectrum at the different resonances appear to be correct (Figure 4B), 
however many attempts were needed before a spectrum was obtained. Usually, a straight 
baseline was acquired. No explanation for this behaviour was found. The other methods 
that were used for characterization (IR and UV-Vis) need to be taken with precaution, 
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since both ESI-MS and 1H-NMR show that compound 74 is not completely isolated from its 
side products.  
 
Figure 4 (A) ESI-MS spectrum of compound 74 after washing (black line). Calculated isotope pattern 
of compound 74 is shown as a grey line in the inset. (B) 1H-NMR spectrum of compound 74. 
 
2.3.2 Click reaction of trimethylsilylethynyl cobaltocenium hexafluorophosphate 
 
Another procedure to prepare compound 11 was investigated at the same time, since 
numerous problems and disadvantages were encountered in the synthesis and work-up of 
compound 11 by using the procedure of Wildschek5 (Scheme 5). Ideally, compound 11 is 
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produced in high yields without elaborate and time-consuming work-up procedures. The 
goal is to have a procedure that is reproducable and time efficient. Since the options in 
functional groups are limited in cobaltocenium chemistry, it was investigated if compound 
12 (Scheme 9), which was prepared by Wildschek et al.5 as well, could be deprotected by 
using a base to yield the corresponding acetylide 11. 
 
Scheme 9) Synthetic route towards compound 11. Reagents and conditions used: (a) step 1) 1.3 eq. 
of trimethylsilylacetylide (75), 1.1 eq. of BuLi (1.6M solution in heptanes), dimethoxyethane (DME), -
15oC, stirred for 45 min., Ar. step 2) 1 eq. of compound 1, DME, -15oC to r.t., stirred for 3h., Ar, 59% 
yield. (b) 1 eq. of 76, 1 eq. of tritylium hexafluorophosphate, CH2Cl2, r.t., stirred for 20 min., Ar, 64% 
yield. (c1) 1 eq. of 12, 4 eq. of TBAF (1M solution in THF containing 5% H2O), THF, 0
oC, stirred for 1h., 
Ar. (c2) 1 eq. of 12, 10 eq. K2CO3, THF/MeOH = 1/1 (v/v), r.t., stirred for 1h., Ar.   
 
Compound 12 could be synthesized in two simple steps from compound 1 (Scheme 9) in a 
relatively high overall yield of 38%, which could easily be purified by an extraction with 
diethylether. Remarkably enough, no cobaltocenium hexafluorophosphate (1) is formed 
by converting compound 76 into 12. This was unexpected, because a substantial amount 
of compound 1 is formed by converting compound 69 (Scheme 5) into compound 11. It 
was proposed that compound 76 has a higher oxidation potential than compound 6948, 
which means that it is more difficult for the cobalt atom in compound 76 to donate an 
electron to the tritylium cation compared to compound 69. Then, the reaction cannot 
proceed via a similar radical mechanism which is shown before in Scheme 6, since no 
reactive 17-electron Co(II) species are formed in step a. It is assumed that for the 
conversion of 76 into compound 12 the tritylium cation is not oxidized, but that the endo 
hydrogen is abstracted in a similar way which is shown before in step c of Scheme 3. This 
diffence in reaction mechanism could also explain why a strong carbon-carbon bond is 
cleaved in the conversion of compound 69, instead of a weaker endo hydrogen. 
Electrochemical oxidation of compounds 69 and 76 to determine the oxidation potential 
was not conducted, but a higher oxidation potential of 76 could support this theory.  
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Disappointingly, it was not possible to convert compound 12 into 11. The deprotection 
step using tetra-n-butylammonium fluoride (TBAF) (c1) immediately resulted in a black 
reaction mixture. The products formed after this deprotection were not analyzed, as a 
yellowish solid was expected instead of a pitch black viscous oil (a mixture of compounds 1 
and 11 is yellow). Deprotection using potassium carbonate (c2) was unsuccessful as well. 
The reaction mixture became darker in time, which is probably the result of a slow 
reaction to give unwanted polymeric side-products. A sample was taken from the reaction 
mixture and analyzed using 1H-NMR, but no distinguishable products were formed. 
       
Then, it was decided to use compound 12 as one of the starting materials for a click 
reaction with compound 73. Horne et al.58 used a combination of copper (I) iodide, 
diisopropylethylamine (dipea), and 2,6-dimethylpyridine (2,6-lutidine) to couple an azide 
and an acetylene substrate in acetonitrile. The same reaction conditions were applied 
which Horne et al.58 used in acetonitrile, but in the final step (step 3), an additional 10 
equivalents of potassium carbonate was added to remove the silyl group from the 
cobaltocenium salt (Scheme 10). 
 
Scheme 10) Double click reaction of compound 12 to synthesize compound 74. Reagents and 
conditions used: step 1) 1 eq. of compound 12, 0.4 eq. of compound 73, 2.1 eq. CuI, r.t., degassed 
for 2h. step 2) dry degassed acetonitrile added, followed by 2 eq. dipea and 2.1 eq. 2,6-
dimethylpyridine, r.t., stirred for a few min., Ar. step 3) 10 eq. K2CO3, r.t., stirred overnight, Ar, 43% 
yield. 
 
After stirring for 18 hours, a sample was taken from the dark-reddish reaction mixture for 
ESI-MS, and a fragment peak was found that exactly matched the isotope pattern and 
molecular weight that was calculated for 74 in Figure 4A. This confirms that compound 12 
can be used instead of compounds 1 and 11 for click reactions. Although the product was 
obtained in 43% of the total calculated mass, it was not possible to purify the compound 
by means of column chromatography or recrystallization. Cyclic voltammetry experiments 
of 74 were conducted in acetonitrile to reduce both of the cobalt (III) centres to cobalt (II), 
but the measurements were not reproducable. Contaminations that are present in the 
sample may be responsible for obtaining irreversible CV spectra.      
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The central spacer of the molecule was modified in order to increase the solubility of the 
system (Scheme 11). A fluorene monomer with C12H25 tails attached (77)
59, which was 
kindly donated by Jan Lauko was used to perform a double click-reaction by applying 
similar reaction conditions as shown earlier in Scheme 10. The copper (I) iodide solution 
was made in a separate flask, since the amount of Cu (I) that needs to be added to the 
reaction mixture is too low to be accurately weighed on an analytical balance.   
 
Scheme 11) Click reaction of compound 12 and 2,7-diazidofluorene (77) to synthesize compound 78. 
Reagents and conditions used: Flask 1: step 1) 1 eq. of compound 12, 0.4 eq. of compound 77, r.t., 
degassed for 2h. step 2) 5 ml dry degassed acetonitrile added, r.t., stirred for few min., Ar. Flask 2: 
step 1) 3.8 eq. CuI, r.t., degassed for 2h. step 2) 2 ml dry degassed acetonitrile added, followed by 
3.9 eq. dipea, r.t, stirred for few min., Ar. step 3) 1 ml of the solution in flask 2 was transferred to 
flask 1, followed by 2 eq. 2,6-dimethylpyridine, r.t., stirred for 1h., Ar. step 4) 9.7 eq. K2CO3, r.t., 
stirred overnight, Ar, no yield determined. 
 
Again, a brownish precipitate was formed during the reaction. A sample was taken from 
the solution for ESI-MS, and a fragment peak was found that closely matches the isotope 
pattern and molecular weight that was calculated for 78 (Figure 5).  
 
Figure 5) ESI-MS spectrum of compound 78 after washing (black line). Calculated isotope pattern of 
compound 78 is shown as a grey line in the inset. 
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Unfortunately, the poor solubility in organic solvents prevented any spectroscopic 
analysis. ESI-MS and high-resolution mass spectroscopy (see experimental) indicates that 
product 78 was formed, but no further purification was possible to isolate the desired 
product. This means that the poor solubility is not caused by the alkyl tails, but has a 
different origin. It is investigated in paragraph 2.4.2 if the counterion has an influence on 
the solubility of bridged cobaltocenium compounds.  
 
2.4 Phenylene-diethynylene bridged cobaltocenium dimers 
 
Due to the challenges encountered with click chemistry, it was decided to explore 
palladium-catalyzed coupling reactions in order to prepare other conjugated bridges as 
well.  
 
2.4.1 Palladium catalyzed coupling reaction of trimethylsilylethynyl cobaltocenium 
hexafluorophosphate 
 
Huang describes a method for an in-situ desilylation of the trimethylsilyl (TMS) group, and 
a subsequent palladium catalyzed coupling reaction with aryl iodides.60 The procedure 
used in this paper was also used here (Scheme 12). 
 
Scheme 12) Palladium catalyzed coupling reaction of compound 12 to synthesize compound 80. 
Reagents and conditions used: step 1) 1 eq. of compound 12, 0.4 eq. of 1,4-diiodobenzene (79), 0.2 
eq. Pd(dba)2, 0.4 eq. P(Ph)3, 0.2 eq. CuI, degassed THF/MeOH = 4/1 (v/v) added, r.t., stirred for 5 
min., Ar. step 2) 6 eq. K2CO3, r.t., stirred overnight, Ar, no yield determined. 
 
After stirring for 18 hours, a sample was taken from the dark-reddish reaction mixture for 
ESI-MS, and a fragment peak was found that closely matched the isotope pattern and 
molecular weight that was calculated for 80 (Figure 6). The peak at m/z = 613 is also 
present in the spectrum of Figure 4A, but no mass fragment could be assigned to this 
peak. 
Chapter 2   
52 
 
Figure 6) ESI-MS spectrum of compound 80 of the crude reaction mixture (black line). Calculated 
isotope pattern of the mass fragment of compound 80 is shown as a grey line in the inset. 
 
Again, a light brownish precipitate was formed, which could not be redissolved in common 
organic solvents. The precipitate was only slightly soluble in acetone and acetonitrile, and 
several washing steps with different solvents (dichloromethane, water and methanol) 
were carried out to get rid of most of the side-products and starting materials. An attempt 
was made to characterize the brownish powder by 1H-NMR, but no spectrum could be 
obtained, even by increased relaxation times. Spectroscopic data collected by IR and UV-
Vis, have to be interpreted with caution, as it seems from ESI-MS that compound 80 was 
not completely isolated from its side products. These solubility problems are probably 
caused by the nature of the counterion, which will be further investigated in the next 
section. 
 
2.4.2 Influence of the counterion on the solubility 
 
Another possible way to increase the solubility of these conjugated bicobaltocenium salts, 
could be performed by exchanging the hexafluorophosphate counterion (PF6
-) for a more 
bulky ligand (Scheme 13).  
 
Tetraarylborate counterions have been used in the past to stabilize metallocene 
complexes, and compound 83 (Scheme 13) has also been used in hydride abstractions 
before.61 Instead of a simple exchange reaction in solution of compound 12 with sodium 
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaTFPB) (82), it was decided to prepare 
the tritylium derivative (trityl TFPB) (83) to be sure that no hexafluorophosphate 
counterion is present anymore. The latter compound was then used to perform a hydride 
abstraction on compound 76 to yield compound 84, which was followed by a double 
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palladium catalyzed coupling reaction with 1,4-diiodobenzene to synthesize compound 85 
(Scheme 13).  
 
 
Scheme 13) Palladium catalyzed coupling reaction of compound 84 to synthesize compound 85. 
Reagents and conditions used: (a) step 1) 1.1 eq. Mg-turnings, 1 eq 3,5-bis(trifluoromethyl)-1-
bromobenzene (81), diethylether, r.t., stirred for 5h., Ar. step 2) 0.25 eq. NaBF4, diethylether, r.t., 
stirred overnight, Ar, 33% yield. (b) step 1) 1 eq. compound 82, 1 eq. trityl triflate, dichloromethane, 
r.t., stirred for 6h, Ar. step 2) recrystallized from CH2Cl2 and heptanes, 76% yield. (c) step 1) 1.3 eq. 
compound 75, 1.1 eq. BuLi (1.6M solution in heptanes), dimethoxyethane (DME), -15oC, stirred for 
45 min., Ar. step 2) 1 eq. compound 1, DME, -15oC to r.t., stirred for 3h., Ar, 59% yield. (d) 1 eq. 
compound 76, 1 eq compound 83, CH2Cl2, r.t., stirred for 20 min., Ar, 14% yield. (e) step 1) 1 eq. 
compound 84, 0.4 eq. 1,4-diiodobenzene, 0.2 eq. Pd(dba)2, 0.2 eq. P(Ph)3, 0.4 eq. CuI, degassed 
THF/MeOH = 4/1 (v/v) added, r.t., stirred for 15 min., Ar. step 2) 6 eq. K2CO3, r.t., stirred overnight, 
Ar, no yield determined. 
 
The desired compound (85) was prepared in five steps starting from cobaltocenium 
hexafluorophosphate (1). Again, the bridged cobaltocenium dimer showed the correct 
mass and isotope pattern in the crude reaction mixture using ESI-MS (Figure 7). The other 
mass fragments could not be assigned. Despite its increased solubility in a range of organic 
solvents (acetonitrile, THF, dichloromethane), it couldn’t be purified from unwanted side 
products by size exclusion chromatography or even preparative TLC. None of the four 
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bands and the eluent that passed through the column contained the mass fragment of 
m/z = 1363 that was found in the crude reaction mixture. It could be that the molecule 
retarded on the column. 
 
Figure 7) ESI-MS spectrum of compound 85 of the crude reaction mixture (black line). Calculated 
isotope pattern of the mass fragment of compound 85 is shown as a grey line in the inset. 
 
Although different conjugated cobaltocenium hexafluorophosphate dimers were 
prepared, it was found in all cases (paragraphs 2.3 and 2.4) that none of the dimers could 
be isolated from possible side products and starting materials. Replacing the 
hexafluorophosphate anion for a bulky tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 
(TFPB) ligand increases the solubility, but attempts to isolate the cobaltocenium dimers by 
means of preparative TLC or size exclusion chromatography didn’t work.    
 
2.5 Towards an asymmetric cobaltocenium hexafluorophosphate salt 
 
As mentioned in the introduction, conjugated asymmetrically bridged bicobaltocenes are 
most promising for spintronic applications. It was attempted to use the synthetic strategy 
of Scheme 9 to synthesize an asymmetric cobaltocenium salt (Scheme 14). Starting from 
compound 17, which was available at the department, it was attempted to add a silyl 
protected acetylide group to the cyclopentadienyl ring of the cobalt (III) salt. The crude 
reaction mixture was brought on the stationary phase of an alumina column and a small 
brownish band eluted by using dichloromethane. From 1H-NMR and COSY spectra, it was 
concluded that a mixture of different compounds was obtained which couldn’t be 
assigned to the desired product (86). The brownish band that eluted was already an 
indication that some different products were formed, since cobalt (I) species elute as 
bright red/orange bands in the reactions of Scheme 5 and 9 to prepare compounds 69 and 
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76 respectively. This means that the synthesis to prepare asymmetric cobaltocenium 
dimers is not very trivial, and no further attempts were made to prepare other 
asymmetric cobaltocenium dimers.   
 
Scheme 14) Attempted synthesis of compound 86. Reagents and conditions used: (a) step 1) 1.0 eq. 
of trimethylsilylacetylide (75), 1.0 eq. of BuLi (1.6M solution in heptanes), dimethoxyethane (DME), -
15oC, stirred for 45 min., Ar. step 2) 1 eq. of compound 17, DME, -15oC to r.t., stirred for 3h., Ar, no 
product formed. 
 
2.6 Conclusion 
 
Although a considerable amount of effort has been spent to prepare bridged 
cobaltocenium dimers, it turned out to be more challenging than expected. In case of the 
acetylene bridged dimer that was published earlier by Schottenberger39, it was found that 
this work could not be reproduced. Other bridged cobaltocenium dimers with 
hexafluorophophate counterions were prepared via click chemistry and palladium 
catalyzed coupling reactions. These compounds turned out to be very insoluble in a wide 
range of organic solvents. These products could not be purified by preparative TLC or size 
exclusion chromatography, and could not be used in further studies.  
 
The solubility of these bridged cobaltocenium dimers changed drastically, by replacing the 
hexafluorophosphate anion for a bigger fluorine functionalized tetraarylborate (TFPB) 
group. Despite the increased solubility, no method was found to purify the desired 
compound yet.  
 
The ease of the synthesis and work-up procedure of trimethylsilylethynyl cobaltocenium 
hexafluorophosphate (12) allowed us to be the first group to make cobaltocenium 
chemistry more accessible by using mild reaction conditions. One can expect that by the 
use of other counterions, compounds could be obtained that are stable and which can be 
purified. It was found that silyl-protected ethynylcobaltocenium hexafluorophosphate is a 
much better alternative than using ethynylcobaltocenium hexafluorophosphate to 
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perform click reactions or palladium catalyzed coupling reactions. Compound 12 will be 
shown to play a crucial role in the remainder of this thesis, as the possibility to build a 
conjugated linker or simply click cobaltocenium salts to azide functionalized substrates is 
now much easier than before. 
 
2.7 Experimental 
 
General procedures 
 
Unless stated otherwise, all solvents were dried and distilled before use and all 
procedures were carried out under an argon atmosphere with standard Schlenk 
techniques. Prior to use, 1,2-dimethoxyethane (glyme) was refluxed over sodium for 1 
week and distilled under argon at 90oC. Silica gel (0.040-0.063 mesh Silicycle) or basic 
aluminium oxide (Brockmann grade III) was used for column chromatography. Preparative 
aluminium oxide on TLC plates were purchased from Sigma-Aldrich (catalog nr: 90066). 
Ultrasonication was performed with a VWR USC300T apparatus. 1H NMR, 13C NMR, 
gDQCOSY and gHSQC spectra were recorded on a Bruker DPX200, Bruker DMX 300 or 
Varian Inova 400 instrument at room temperature and calibrated using tetramethylsilane 
as internal standard. Abbreviations used are: s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, pseudo-t = pseudo triplet, br = broad. UV-Vis spectra were 
recorded on a Perkin-Elmer Lambda 2 UV/VIS spectrophotometer. Infrared spectra (IR) 
were recorded on a Thermo Mattson IR 300 spectrometer (liquid) or a Bruker Tensor 27 
(KBr) instrument. Electron spray ionisation mass spectrometry (ESI-MS) measurements 
were performed on a Finnigan Surveyor instrument. High resolution mass spectrometry 
(HRMS) measurements were recorded on a JEOL Accutof CS instrument with polyethylene 
glycol as internal reference.  
 
Cyclic voltammetry experiments were carried out using a PG stat 100 system. 
Measurements with scan rates between 0.01 and 0.5 V/s were recorded in Autolab GPES 
software. For all measurements a three electrode configuration was used: a platinum disc 
counter electrode, a 3 mm platinum working electrode, a 0.1M Ag/AgNO3 reference 
electrode, and the supporting electrolyte contains 0.1 M of n-tetrabutylammonium 
hexafluorophosphate (TBAH). All potentials were calibrated against the formal potential of 
the ferrocene/ferrocenium redox couple in the appropriate solvent, which was adjusted to 
E0 = 0 V. All scans were repeated two times. 
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η5-Cyclopentadienyl [η4-(exo-5-ethynyl)-1,3-cyclopentadiene] cobalt (69)   
 
A 50 ml suspension of 2.00 g (6.0 mmol) cobaltocenium hexafluorophosphate 
(1) in dry THF was sonicated at 4°C for 5 minutes under argon. To this yellowish 
suspension, 661 mg (7.2 mmol) of lithium ethynylide TMEDA complex was 
slowly added and sonicated for another 10 minutes. Then, the dark reddish 
reaction mixture was evaporated under reduced pressure and the remaining 
reddish solid was taken up in heptanes by sonication and was centrifuged (4000 
rpm) for 10 minutes. The supernatant was collected and the solvent was removed under 
reduced pressure. The crude compound was taken up in a small amount of acetonitrile by 
sonication and brought on an aluminiumoxide (grade I, neutral) column (eluent: 
heptane/diethylether = 3/1 (v/v)). The title compound eluted as an orange band and was 
isolated as a bright reddish solid in 77% yield (985 mg, 4.6 mmol).  
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): 1.84 (m, 1H, acetylene-H), 2.75 (m, 2H), 3.41 (m, 1H, endo 
hydrogen), 4.76 (m, 5H, Cp-ring), 5.31 (m, 2H). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 39.8, 41.3, 63.3, 
74.8, 79.3, 85.9. UV-Vis (CH2Cl2) λ/nm (log ε/M-1 cm-1): 268 (3.2), 325 (3.9), 391 (3.7). The resonances 
in the 1H-NMR spectrum are about 0.1 ppm higher compared to literature values. The resonances in 
the 13C-NMR spectrum are in agreement with literature values. No further characterization 
techniques were used, since this compound has already been published in literature.5 
 
Ethynylcobaltocenium hexafluorophosphate (11)                    
 
To a stirring solution of 322 mg (1.5 mmol) η5-
cyclopentadienyl [η4-(exo-5-ethynyl)-1,3-cyclopentadiene] 
cobalt (69) in 30 ml of dry dichloromethane was added 
600 mg (1.6 mmol) of tritylium hexafluorophosphate. The 
mixture turned black immediately and was stirred for 
another 10 minutes at room temperature under argon. Dichloromethane was removed 
under reduced pressure, and the black residue was taken up in a small amount of 
acetonitrile and brought on an aluminiumoxide (grade III, basic) column (eluent: 
diethylether/acetonitrile = 3/1 (v/v)). After a yellow and a reddish band, 
ethynylcobaltocenium hexafluorophosphate (11) and cobaltocenium 
hexafluorophosphate (1) both eluted as a broad yellow band, which could not be 
separated. Neutral aluminiumoxide (grade I – III) causes the title compounds to stick to 
the column, basic aluminium oxide (grades I – III) did not result in better separation of the 
title compound as well. cobaltocenium hexafluorophosphate (1) (11.0 mg, 33 µmol) was 
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obtained in a ≈ 1:3 molar ratio with ethynylcobaltocenium hexafluorophosphate (11) (37.2 
mg, 104 µmol). Molar ratio’s of ≈ 1:1 were obtained in similar reactions as well. 
 
1H-NMR (CD3CN, δ (ppm), 400 MHz, cobaltocenium hexafluorophosphate): 5.66 (s). 1H-NMR 
(CD3CN, δ (ppm), 400 MHz, mixture of cobaltocenium hexafluorophosphate and 
ethynylcobaltocenium hexafluorophosphate): 5,67 (s, cobaltocenium hexafluorophosphate), 3.71 
(s, 1H, acetylene-H), 5,69 (pseudo-t, 2H, J = 2.1 Hz), 5.70 (s, 5H), 5.91 (pseudo-t, 2H, J = 2.1 Hz). 1H-
NMR (CD3CN, δ (ppm), 60 MHz, Schottenberger data of compound 62): 5.77 (s, 10H), 5.78 (pseudo-
t, 4H, J = 2.1 Hz), 5.98 (pseudo-t, 4H, J = 2.1 Hz). 
 
13C-NMR (CD3CN, δ (ppm), 300 MHz, cobaltocenium hexafluorophosphate): 86.26. 13C-NMR (CD3CN, 
δ (ppm), 300 MHz, mixture of cobaltocenium hexafluorophosphate and ethynylcobaltocenium 
hexafluorophosphate): 86.26 (cobaltocenium hexafluorophosphate), 85.43, 86.33, 87.88, 88.03. 13C-
NMR (CD3CN, δ (ppm), 300 MHz, Schottenberger data of compound 62): 86.61 (d), 87.63 (d), 87.73 
(d). 
 
IR (KBr, cm-1, cobaltocenium hexafluorophosphate): 3128, 1418, 1384, 1013, 831, 557, 503, 456. IR 
(KBr, cm-1, mixture of cobaltocenium hexafluorophosphate and ethynylcobaltocenium 
hexafluorophosphate): 3275, 3124, 2119, 1665, 1455, 1418, 830, 557, 516, 462. IR (KBr, cm-1, 
Schottenberger data of compound 62): 3120, 1505, 1420, 1400, 835, 563, 500, 445. 
 
No ESI-MS spectrum could be obtained. 
 
(η5-Cyclopentadienyl) [η4-(exo-5-trimethylsilylethynyl)-1,3-cyclopentadiene] cobalt (76) 
 
To a 250 ml flame-dried degassed Schlenk flask was added 100 ml of dry 
dimethoxyethane (DME) that was cooled to -15oC. The solution was stirred 
and 1.1 ml (7.8 mmol) of trimethylsilylacetylide (75) was added, then 4.2 ml 
(6.7 mmol) of a 1.6 M butyllithium solution in heptanes was added dropwise 
to the reaction mixture. After 45 minutes, 2.01 g (6.0 mmol) of 
cobaltocenium hexafluorophosphate (1) was slowly added to the colorless 
solution, and the reaction mixture was allowed to warm to room temperature and was 
stirred under an argon atmosphere for another 3 hours. The dark reddish suspension was 
evaporated to dryness under reduced pressure and was subsequently taken up in a small 
amount of dichloromethane. The suspension was transferred to a centrifuge tube and was 
centrifuged for three consecutive cycles (10 minutes, 4000 rpm). Supernatant was 
collected, concentrated, and brought on an aluminiumoxide column (basic, grade III, 
eluent: dichloromethane). The title compound eluted as an orange band and was isolated 
as a reddish solid in 59% yield (1.01 g, 3.54 mmol).  
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1H-NMR (CDCl3, δ (ppm), 400 MHz): 0.00 (s, 2H, (CH3)3), 0.03 (s, 7H, (CH3)3), 2.73 (m, 2H), 3.44 (t, 1H, 
J = 2.4 Hz), 4.74 (s, 5H, Cp-ring), 5.28 (m, 2H). The resonances in the 1H-NMR spectrum are in 
agreement with literature values. No further characterization techniques were used, since this 
compound has already been published in literature.5 
 
Trimethylsilylethynyl cobaltocenium hexafluorophosphate (12)  
 
To a stirring solution of 430 mg (1.5 mmol) of η5-cyclopentadienyl [η4-
(exo-5-trimethylsilylethynyl)-1,3-cyclopentadiene] cobalt (76) in 60 ml 
degassed dichloromethane, was slowly added 590 mg (1.5 mmol) of 
tritylium hexafluorophosphate. The reaction mixture turned black 
immediately, and was stirred under an argon atmosphere at room 
temperature. After 20 minutes, the contents was transferred to a separation funnel and 
was extracted 5 times with 20 ml portions of water. The dark reddish organic layer was 
collected and evaporated to dryness under reduced pressure. The brownish powder was 
then transferred to centrifuge tubes and was washed five times with 20 ml portions of 
diethylether until the supernatant remained yellowish. The supernatant was decanted, 
and the title compound was collected and dried under reduced pressure and was obtained 
in 64% yield (416 mg, 0.97 mmol).  
 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 0.27 (s, 9H), 5.67 (m, 7H), 5.84 (m, 2H). UV-Vis (CH3CN) λ/nm 
(log ε/M-1 cm-1): 226 (4.0), 281 (4.2), 343 (3.5). ESI-MS: m/z calculated for [C15H18CoSi]+: 285.1, 
found: 285.3. The resonances in the 1H-NMR spectrum are in agreement with literature values. No 
further characterization techniques were used, since this compound has already been published in 
literature.5 
 
Bis [(η5-Cyclopentadienyl)(η4-1,3-cyclopentadiene-5-exo-yl) cobalt (I)] ethyne (70)  
 
To a flame-dried three-necked flask was added 430 mg (2.0 mmol) of η5-
cyclopentadienyl [η4-(exo-5-ethynyl)-1,3-cyclopentadiene] cobalt (69) in 
160 ml of dry n-heptane. The solution was cooled to 0oC and was stirred 
under an argon atmosphere. After a few minutes, 1.3 ml of a 1.6 M (2.0 
mmol) methyllithium solution in diethylether was slowly added to the 
reaction mixture, which turned light orange. The reaction mixture was 
allowed to warm to room temperature and was stirred for another 30 
minutes. The three-necked flask was then equipped with a destillation 
setup, and the solvent was removed under vacuum. The remaining off-
white solid was redissolved in 40 ml of dimethoxyethane and was cooled to 0oC using an 
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ice bath. To the reaction mixture was added 0.45 ml (3.0 mmol) of N,N,N',N'-
tetramethylethylenediamine (TMEDA) and 704 mg (2.1 mmol) of cobaltocenium 
hexafluorophosphate (1) and was sonicated. The solvent was removed after 45 minutes by 
vacuum distillation, and the crude product was taken up in a small amount of diethylether 
and was brought on an aluminiumoxide column (basic, grade III). The title compound 
eluted as an orange band and 273 mg was isolated as a reddish solid (Rf = 1, eluent: 
diethylether).  
 
1H-NMR (C6D6, δ (ppm), 400 MHz, isolated products): 1.81 (unknown), 2.69 (4H), 3.50 (2H), 4.45 – 
4.55 (11H), 4.95 – 5.15 (4H). 1H-NMR (C6D6, δ (ppm), 60 MHz, Schottenberger data of compound 
70): 2.60 (pseudo-q, 4H), 3.39 (pseudo-t, 2H), 4.37 (s, 10H), 4.95 (pseudo-t, 4H).  
 
13C-NMR (C6D6, δ (ppm), 200 MHz, isolated products): 40.5, 40.9, 41.9, 42.9, 64.1, 75.1, 75.2, 79.3, 
79.5, 85.8. 13C-NMR (C6D6, δ (ppm), 200 MHz, Schottenberger data of compound 70): 40.92 (d), 
43.00 (d), 75.03 (d), 77.92 (s), 79.29 (d).  
 
IR (liquid (CH3CN), cm
-1, isolated products): 3264, 3056, 2958, 2918, 2850, 1282, 1260, 1181, 1105, 
1066, 1006, 803, 650. IR (KBr, cm-1, Schottenberger data of compound 70): 3090, 3050, 2910, 2850, 
1405, 1283, 1185, 1108, 1062, 1008, 952, 858, 807. 
 
Compound 74 
 
Click reaction using compounds 11 and 73 
 
To a 20 ml flame-dried degassed Schlenk flask 
was added a mixture of 60 mg (0.17 mmol) 
ethynylcobaltocenium hexafluorophosphate 
(11) and 38 mg (0.11 mmol) of cobaltocenium 
hexafluorophosphate (1), 10.9 mg (68 µmol) of 
1,4-diazidobenzene (73) and 24.8 mg (0.13 
mmol) of copper (I) iodide. After degassing for 2 hours, 5 ml of dry degassed acetonitrile 
(three freeze-pump-thaw cycles) was added and the reaction mixture was stirred for a few 
minutes under an argon atmosphere at room temperature. To the reddish solution was 
added 23.3 µl (0.13 mmol) of N,N-diisopropylethylamine (dipea) and 15.5 µl (0.13 mmol) 
of 2,6-dimethylpyridine. The black solution was kept under argon and was stirred 
overnight at room temperature. The dark reddish suspension was washed and centrifuged 
(10 minutes, 4000 rpm) five times with acetonitrile, two times with dichloromethane, two 
times with water, and two times with methanol. The supernatant was removed and a light 
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brownish static solid was obtained. No yield for compound 74 could be determined. 
Recrystallization in acetone, DMF, DMF/diethylether, acetonitrile and tetrahydrofuran was 
unsuccessful.  
 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 5.60 (s, 10H), 5.83 (m, 4H), 6.29 (m, 4H), 8.15 (s, 4H), 8.86 (s, 
2H). No 13C-NMR was obtained, because of the poor solubility in organic solvents. IR (KBr, cm-1): 
3435, 3084, 2963, 1524, 1414, 1261, 1098, 1027, 806. UV-Vis of 1,4-diazidobenzene (CH3CN) λ/nm 
(log ε/M-1 cm-1): 227 (4.5), 272 (4.3). UV-Vis of compound 74 (CH3CN) λ/nm (log ε/M-1 cm-1): 208 
(4.3), 246 (4.1). HRMS: m/z calculated for [C30H24N6Co2F6N6P]
+: 731.0368, found: 731.0353; 
calculated for [C30H24N6Co2]
2+: 293.0363, found: 293.0355.  
 
Click reaction using compounds 12 and 73 
 
To a 20 ml Schlenk flask was added 59.3 mg (0.13 mmol) of trimethylsilylethynyl 
cobaltocenium hexafluorophosphate (12), 8.9 mg (56 µmol) of 1,4-bisazidobenzene (73) 
and 52.5 mg (0.28 mmol) of copper (I) iodide. After degassing for 2 hours, 5 ml of dry 
degassed (three freeze-pump-thaw cycles) acetonitrile was added to the reaction mixture, 
followed by 47 µl (0.27 mmol) of N,N-diisopropylethylamine (dipea) and 32 µl (0.28 mmol) 
of 2,6-dimethylpyridine. The reaction mixture was stirred for a few minutes under an 
argon atmosphere at room temperature. Then, 187 mg (1.4 mmol) of potassium 
carbonate was added and the reaction mixture was stirred overnight. The title compound 
precipitated from the reaction mixture as a brownish static solid in 43% yield (21 mg, 24 
µmol).  
 
Compound 78 
 
To a 20 ml flame-dried degassed 
Schlenk flask was added 62 mg (140 
µmol) of trimethylsilylethynyl 
cobaltocenium hexafluorophosphate 
(12) and 32 mg (55 µmol) of 2,7-
diazidofluorene (77). After degassing 
for 2 hours, 5 ml of dry freeze-pump-
thawed (three cycles) acetonitrile was added. In a separate 10 ml flame-dried schlenk flask 
was added 102 mg (0.54 mmol) of copper (I) iodide. After degassing for 2 hours, 2 ml of 
dry degassed (three freeze-pump-thaw cycles) acetonitrile was added, followed by 94 µl 
(0.54 mmol) of N,N-diisopropylethylamine (dipea). Both solutions were stirred for a few 
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minutes, and 1 ml of the copper (I) iodide solution (≈ 1.9 eq.) and 32 µl (0.28 mmol) of 2,6-
dimethylpyridine were separately injected into the 20 ml Schlenk flask. The reaction 
mixture was stirred for 1 hour under an argon atmosphere at room temperature. Then, 
187 mg (1.4 mmol) of potassium carbonate was added and the reddish reaction mixture 
turned brown immediately and was stirred overnight. The brownish suspension was 
washed and centrifuged (10 minutes, 4000 rpm) 3 times with CH3CN, 2 times with MeOH, 
2 times with H2O and 2 times with CH2Cl2. No yield was determined since the compound 
could not be separated from its side products. 
 
No 1H-NMR was obtained, because of the poor solubility in organic solvents. IR (KBr, cm-1): 3420, 
1618, 1446, 1262, 1038, 703. UV-Vis of 2,7-diazidofluorene (77) (CH3CN) λ/nm (log ε/M-1 cm-1): 210 
(4.5), 308 (4.4), 329 (4.4). UV-Vis of compound 78 (CH3CN) λ/nm (log ε/M-1 cm-1): 237 (5.2), 250 
(5.3), 298 (4.6). HRMS: m/z calculated for [C61H76N6Co2]
2+: 505.2398, found: 505.2405. 
 
Compound 80 
 
To a 20 ml flame-dried Schlenk flask was 
added 50 mg (0.12 mmol) of 
trimethylsilylethynyl cobaltocenium 
hexafluorophosphate (12), 13 mg (23 µmol) 
of bis(dibenzylideneacetone) palladium, 12 
mg (46 µmol) of triphenylphosphine, 4.3 mg (23 µmol) of copper (I) iodide and 15 mg (45 
µmol) of 1,4-diiodobenzene (79). After degassing for 2 hours, 5 ml of dry degassed (three 
freeze-pump-thaw cycles) THF/MeOH = 4/1 (v/v) solution was added and the reaction 
mixture was stirred for 5 minutes under an argon atmosphere at room temperature. Then, 
94 mg (0.68 mmol) of potassium carbonate (anhydrous) was added and the reaction 
mixture was stirred overnight under an argon atmosphere. The dark reddish suspension 
was washed and centrifuged (10 minutes, 4000 rpm) five times with acetonitrile, two 
times with dichloromethane, two times with water, and two times with methanol. The 
supernatant was removed and a light brownish static solid was acquired. No yield was 
determined since the compound could not be separated from its side products. 
 
No 1H-NMR could be obtained, because of the poor solubility in organic solvents. IR (KBr, cm-1): 
3436, 3091, 2954, 2717, 2617, 1631, 1404, 1008, 833, 703, 663. UV-Vis of 1,4-diiodobenzene 
(CH3CN) λ/nm (log ε/M-1 cm-1): 241 (4.4). UV-Vis of compound 80 (CH3CN) λ/nm (log ε/M-1 cm-1): 247 
(4.1), 274 (4.0), 373 (3.6). HRMS: m/z calculated for [C30H22Co2F6P]
+: 645.0027, found: 645.0030; 
calculated for [C30H22Co2]
2+: 250.0193, found: 250.0189. 
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Trimethylsilylethynyl cobaltocenium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (84) 
 
To a stirring solution of 249 mg (0.87 mmol) η5-
cyclopentadienyl [η4-(exo-5-trimethylsilylethynyl)-1,3-
cyclopentadiene] cobalt (76) in 40 ml of dry degassed (three 
freeze-pump-thaw cycles) dichloromethane in a glovebox, 
was slowly added: 908 mg (0.83 mmol) of 
triphenylmethylium tetrakis(3,5-bis(trifluoromethyl)-phenyl)borate (trityl TFPB) (83). The 
reaction mixture turned black immediately. After 20 minutes, the contents was 
transferred to a separation funnel and was extracted five times with 20 ml portions of 
water. The dark reddish organic layer was collected, concentrated, and brought on a basic 
aluminium oxide column (grade III, height ≈ 30 cm, eluent: diethylether/acetonitrile = 3/1 
(v/v)). The title compound was collected as the final yellow band and was isolated in 14% 
yield (130 mg, 0.11 mmol).  
 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 0.26 (s, 9H, Si(Me)3), 5.66 (m, 7H, Cp-ring), 5.84 (t, 2H, Cp-ring, 
J = 2.1 Hz), 7.67 (s, 4H, C(CF3)-CH-C(CF3)), 7.69 (m, 8H, B-CH-C(CF3)). 
13C-NMR (CD3CN, δ (ppm), 300 
MHz): -0.7, 57.4, 85.8, 87.2, 87.4, 95.4, 103.3, 123.6, 127.2, 127.9, 128.7 (d), 129.3, 129.7, 130.1, 
130.5, 130.7, 130.8, 161.6, 162.2, 162.9, 163.6. UV-Vis (CH3CN) λ/nm (log ε/M-1 cm-1): 259 (7.3), 344 
(3.7). HRMS: m/z calculated for [C15H18CoSi]
+: 285.0510, found: 285.0505. 
  
Compound 85 
 
The same reaction conditions were used as 
described for compound 80. After 1 day, the 
supernatant of the brownish reaction mixture 
was collected, concentrated, and attempted to 
purify on aluminium oxide TLC plates (eluents 
used: CH3CN, CH2Cl2 and CHCl3/MeOH = 98/2 
(v/v)). None of the methods used was 
successful to purify this compound. Size exclusion chromatography (biobeads, eluent: 
THF) yielded four different bands, but none of the bands contained the mass fragment of 
m/z = 1363 that was found in the crude reaction reaction mixture before the purification 
step was conducted.  
 
ESI-MS: m/z calculated for [C62H34BCo2F24]
+: 1363.1, found: 1363.0. 
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Chapter 3 
 
 
Redox-active self-assembled monolayer of 
cobaltocene on a platinum electrode surface 
 
 
 
3.1 Introduction 
 
The aim of this chapter is to covalently link a conjugated cobaltocenium molecule to the 
surface of a gold electrode (Figure 1), which is then interrogated for its redox-active 
properties. Especially of interest, the cobalt (II) state contains an unpaired spin, which is a 
prerequisite for Spintronics. 
 
Figure 1) Schematic representation of the target system.  
 
The reason to use this approach is to investigate a model system, and regard this as the 
next step towards the construction of the bridged cobaltocene dimers that were 
calculated by Liu1 and Baadji2 (paragraph 2.1.3). It is possible by using cyclic voltammetry 
(CV) to obtain qualitative information about the relative stability of the cobaltocene, when 
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this is linked to a metallic surface and a current is passed through these self assembled 
monolayers (SAM’s).  
 
3.1.1 Self assembled monolayers (SAM’s) 
 
SAM’s of alkanethiols3-11, alkanedisulfides12,13 and alkanesulfides14 adsorbed on metal 
surfaces have been intensively studied, and a wide range of spectroscopic and physical 
techniques were used to determine their structure-property relationship.15-22 The binding 
mechanism of thiols to a gold surface is still debated, but it is assumed that dihydrogen is 
formed on the weakly activated gold (111) surface under vacuum conditions. In solution, 
oxygen is present and may be oxidatively converted into water.23-27 SAM’s formed from 
either the thiol (R-SH) or the disulfide (R-S-S-R) are proposed to form the same R-S-Au 
species (thiolate bond). Experimental evidence that supports this idea is the observation 
of indistinguishable 2p binding energies for both systems by X-ray photoelectron 
spectroscopy (XPS).28 This is not the case for sulfides (R-S-R), as evidenced by 
electrochemistry29, XPS30,31, HREELS (high resolution electron energy loss spectroscopy)32, 
and mass spectroscopy.33 Sulfides form less ordered structures34,35 and do not undergo 
spontaneous cleavage on the gold surface to form covalent thiolate bonds (≈ 44 
kcal/mol36). A much weaker dative bond is formed instead.31  
 
Gold is the most widely used electrode material to form SAM’s from thiols, but silver4,37-39, 
copper37,40, mercury41-45, platinum11,39, palladium11,46-48, nickel49-52 and alloys53 of metals 
have been used as well. Apart from strong binding to thiols, gold does not easily form 
oxide layers at elevated temperatures, and it doesn’t react with (most) chemicals, which 
makes it very suitable to handle and to manipulate samples under different conditions. 
Furthermore, it was calculated that the electrons in the sp-orbitals dominate the density 
of states (DOS) at the Fermi level in metals such as gold and silver, which was shown to 
have a stronger interaction with the thiolate group than metals with predominantly d-
orbital character, such as platinum.54 Although the DOS near the Fermi energy is much 
higher for platinum than for gold, the electronic coupling is overall weaker, because the d-
band states are more localized than the s- and p-band electrons.55 
 
Many more factors contribute to the electron-transfer kinetics in redox-active SAM’s than 
just the metal surface. Terraces, steps and crystalline boundaries present in non-
atomically flat surfaces, varying tilt angles of molecules that are attached to the metallic 
surface, formation of domains, spacer properties, and adsorption time, are just a few 
examples of parameters that can have a serious influence on the electrochemical 
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properties of these donor-bridge-acceptor (DBA) type of systems as well.21,54,56-60 For more 
detailed information on this topic, an excellent review by Eckermann et al.54 about the 
history of SAM’s, the development of redox-active SAM’s, factors that contribute to the 
kinetics of electron transfer, and techniques that can be used to measure these properties 
is highly recommended.  
 
3.1.2 OPE and OPV wires 
 
Both oligo(phenylene-ethynylene) (OPE)61-63 and oligo(phenylene-vinylene) (OPV)64-67 
molecular wires (Chart 1) are preferred over saturated alkyl chains for fast electron 
transport to the redox-active centre and back.  
 
Chart 1) Thiol functionalized molecular wires of oligo(phenylene-ethynylene) (OPE) and 
oligo(phenylene-vinylene) (OPV). Fc is ferrocene.    
 
High rate constants (kET) for these systems are attributed to strong electronic coupling of 
the metal surface to the redox-active centre (adiabatic process), caused by enhanced 
electron tunneling of the delocalized bridges.68 Various studies have shown that OPV’s are 
slightly better conducting than OPE’s, because OPV’s have a more rigid structure (higher 
rotational barrier of the phenyl groups) that results in a better orbital overlap of the π-
system.65,69 Moreover, the electron-transfer rate (kET) was shown to be highest for shorter 
bridges (equation 1), where d is the distance, β is the decay constant, and A is the 
Arrhenius preexponential factor. Decay constants for saturated bridges are typically in the 
range of β = 1.0 A-1, and 0.2 – 0.6 A-1 for unsaturated bridges.66 
 
݇ா் ൌ ܣ	݁ିఉௗ																																																																																																																																						ሺ1ሻ 
 
3.1.3 Cyclic voltammetry 
 
Cyclic voltammetry is the most widely recognized electrochemical technique to study the 
electron transfer in redox-active SAM’s (Figure 2). 
Chapter 3   
70 
 
Figure 2) Schematic representation of a cyclic voltammogram for redox-active molecules that are 
adsorbed to a metal surface in an ideal system. Epa is the anodic peak potential, Epc is the cathodic 
peak potential, Ich is the charging current, Ic is the cathodic peak current, Ia is the anodic peak 
current, FWHM is the full width of the peak at half maximum height, and Q is the charge (grey 
areas). 
 
In an ideal system, the anodic (ia in A) or cathodic peak current (ic in A), has a linear 
relationship with the scan rate (ʋ in V s-1) when the redox-active compound is bound to 
the metallic surface, either covalently or non-covalently (equation 2).70  
 
iୟ,ୡ ൌ 	
nଶFଶ
4RT 	ʋ	Aୱ୳୰	Γ																																																																																																																											ሺ2ሻ 
 
Wherein n is the amount of electrons that participate in a single redox event (usually 1), F 
is the Faraday constant (9.65*104 C mol-1), R is the gas constant (≈ 8.31 J mol-1 K-1), T is the 
temperature (K), Asur is the surface area of the working electrode (cm
2) and Γ is the 
amount of species that are adsorbed on the surface of the working electrode per unit area 
(mol cm-2). The latter value can be determined from the slope of the line of ia,c versus ʋ 
and is typically in the range of 10-9 to 10-10 mol cm-2. The peak shape determines the 
homogeneity of the monolayer and can be evaluated by the full width at half of the peak 
maximum height (FWHM). Lower or higher values than the theoretical value for FWHM 
(equation 3) can be attributed to electrostatic effects incurred by neighbouring charged 
species71,72, such as neighbouring cobaltocenium moieties.  
 
FWHM ൌ 	3.53	 RTnF ൌ 3.53	
8.31	 ∗ 	298
1	 ∗ 	9.65 ∗ 10ସ	 	ൎ 	90.6	mV																																																							ሺ3ሻ 
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When species are not bound to the electrode surface, but have to diffuse from bulk 
solution to the electrode surface, the anodic and cathodic peak current (ia,c) shows a linear 
relationship with the squareroot of the scanspeed (√ʋ ) as indicated by the Randles-Sevcik 
equation (equation 4).73,74 Where, D is the diffusion coefficient (cm2 s-1), and C is the molar 
concentration of the diffusing species in the bulk (mol cm-3). The other parameters in the 
formula are the same as mentioned before in equation 2. 
 
iୟ,ୡ ൌ 0.4463	nF	ට୬୊ୖ୘	Aୱ୳୰√D	C	√ʋ																																																																																														ሺ4ሻ	                          
 
3.2 Synthesis of phenylene-ethynylene wires of cobaltocene 
 
Although phenylene-ethynylene linkers are slightly less conductive than phenylene-
vinylene linkers (paragraph 3.1.2), it was decided to prepare the former to link a 
cobaltocenium unit to a metallic surface. The palladium catalyzed cross-coupling reaction 
was used before in paragraph 2.4 to connect two cobaltocenium units to each other via 
two carbon triple bonds and a phenyl group. This knowledge was used here to prepare a 
cobaltocenium salt with a phenylene-ethynylene linking unit that could be attached to a 
metallic surface. Following a procedure developed by Gryko et al.75, compound 88 was 
prepared from pipsyl chloride (87) (Scheme 1).  
 
Scheme 1) Palladium catalyzed coupling reaction to synthesize cobaltocenium [2-[4-(S-
acetylthio)phenyl]ethynyl] iodide (89). Reagents and conditions used: (a) step 1) 1 eq. 4-
iodobenzenesulfonylchloride (87), 3.5 eq. Zn (dust), 3.5 eq. dimethyldichlorosilane, 3 eq. N,N-
dimethylacetamide, dichloroethane, 75oC, stirred for 2h. step 2) 1.3 eq. acetyl chloride, 50oC, stirred 
for 15 min, 96% yield. (b) step 1) 1 eq. compound 12, 1.2 eq. compound 88, 0.2 eq. Pd(dba)2, 0.5 eq. 
P(Ph)3, 0.2 eq. CuI, degassed THF/MeOH = 4/1 (v/v) added, r.t., stirred for 5 min., Ar. step 2) 0.4 eq. 
TBAF, r.t., stirred for 2 hours, Ar, 16% yield.  
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This compound was then used to perform a palladium catalyzed coupling reaction with 
compound 12 to synthesize cobaltocenium [2-[4-(S-acetylthio)phenyl]ethynyl] iodide (89). 
 
Tetrabutylammonium fluoride (TBAF) was added last to deprotect the TMS group of 
compound 12. Not many mass fragments of side-products were found in the ESI-MS 
spectrum (Chart 2A) of the crude reaction mixture of compound 89 (m/z = 363). However, 
it could also be that some of the side products could not be analyzed by using this 
technique. The relatively small mass fragment present at m/z = 629 could possibly be 
assigned to product 90, although no explanation was found how this product is formed. 
Attempts to isolate compound 90 by using preparative TLC were unsuccessful. The mass 
fragment present at m/z = 263 could not be explained. 
 
Chart 2 (A) ESI-MS spectrum of the crude reaction mixture after applying the reaction conditions of 
Scheme 1 (route b) with TBAF (m/z = 242). The insets show the calculated isotope patterns of 
compounds 89 and 90 (grey line), the measured spectra have a black line. (B) ESI-MS spectrum of 
the crude reaction mixture after applying the reaction conditions of Scheme 1 (route b) with K2CO3. 
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When a similar deprotection was carried out by using potassium carbonate instead of 
TBAF in route b (Scheme 1), no mass fragments of compound 89 were present (Chart 2B). 
Besides the deprotection of the silyl group, potassium carbonate probably also cleaves the 
thioacetate group. This may explain that compound 89 is not formed by using the latter 
conditions. The mass fragments that are present in the ESI-MS spectrum could not be 
explained. 
 
It was decided to use aluminium oxide preparative TLC plates on glass, to isolate the 
different compounds that were formed during the reaction. Many bands were present on 
the TLC plates, which could indicate that the alumina causes compound 89 to decompose. 
These findings were supported by analyzing and comparing the products that were found 
on the TLC plates directly after eluting with acetonitrile (Figure 3A), and the products that 
were present after adsorbing for three days on the TLC plates (Figure 3B). It was found 
that after three days, a large fragment peak was present at m/z = 321, which could be 
assigned to the corresponding thiol. Besides the mass fragment at m/z = 363, no other 
fragment peaks present in Figure 3B could be assigned. It was also found that compound 
89 hydrolyzes to the thiol upon standing for a few days in a solution of acetonitrile.  
 
Figure 3) ESI-MS spectrum of (A) compound 89 purified by preparative TLC (2 repetitive cycles), and 
(B) products formed after adsorbing for three days on preparative alumina TLC plates. 
 
A 1H-NMR was recorded from the product that was previously analyzed with ESI-MS in 
Figure 3A (Figure 4). The integral value at the different resonances match with the 
assignment of the protons in compound 89. Two pseudo-triplets are formed for protons b 
and c respectively, however no explanation was found for the splitting pattern of protons 
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d and e. The small peak next to protons a (δ = 5.67 ppm) could possibly be attributed to 
the side products that are present in the ESI-MS spectra in Figure 3A.   
 
Figure 4) 1H-NMR spectrum of compound 89 in CD3CN. 
 
Besides 1H-NMR spectra, 19F-NMR and 31P-NMR were recorded to determine the nature of 
the counterion of this molecule. Remarkably, no resonances were found by using these 
two techniques. This suggests that the hexafluorophosphate group is exchanged by 
another counterion. Since iodide is a leaving group in the reaction of Scheme 1, it was 
proposed that this ion could serve as a counterion for compound 89. Therefore, 127I-NMR 
spectra were taken in acetonitrile, and it was found that compared to the blancs in 
acetonitrile (Figure 5A – 5C), a resonance peak appears at δ = 119.8 ppm (Figure 5E). 
Compared to potassium iodide (δ = 5.3 ppm, Figure 5D), which was used as a reference 
compound, it was concluded that the hexafluorophosphate counterion of compound 89 
was indeed replaced by an iodide counterion.  
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Figure 5) 127I-NMR spectrum of (A-C) CD3CN between -300 and 300 ppm. (D) KI (δ = 5.3 ppm) in 
CD3CN (E) Compound 89 (δ = 119.8 ppm) in CD3CN. 
 
3.3 CV experiments on phenylene-ethynylene wires of cobaltocene 
 
3.3.1 Diffusion-controlled solutions  
 
It was reported previously that in addition to thiols, even thioacetate functionalities can 
form SAM’s on gold surfaces in high concentrations.76 As mentioned in the introduction, 
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adsorbed SAM’s on metal surfaces can be studied using cyclic voltammetry. It follows from 
equation 2 that in that case, the scanspeed has a linear relationship with the current.  
First, blanc experiments were conducted separately with clean platinum and gold working 
electrodes in a clean electrolyte solution of 0.1M TBAH in acetonitrile, a platinum auxiliary 
electrode, and a Ag/AgNO3 reference electrode using a standard three-electrode 
configuration (Figure 6). As expected, the current in the electrolyte solution between the 
working electrode and the auxilary electrode remains the same between -1.8 V and +0.5 
V, because the electrolyte (TBAH), or acetonitrile itself, is neither oxidized nor reduced at 
these potentials. 
 
Figure 6) Blanc experiments using either (A) a platinum, or (B) a gold working electrode. 
 
Ferrocene (Figure 7), cobaltocenium hexafluorophosphate (Figure 8) and compound 89 
(Figure 9) were then separately measured in acetonitrile using both a platinum and a gold 
working electrode at different scan speeds. Potentials are always calibrated against the 
potential of the ferrocene/ferrocenium redox couple in acetonitrile, since this system is 
fully reversible in a wide range of different solvents.77,78 The E0 values of cobaltocenium 
hexafluorophosphate and compound 89, are then calibrated against the E0 value of the 
ferrocene/ferrocenium redox couple. The E0 value of the latter redox couple is always set 
at a potential of 0 V. 
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Figure 7) Ferrocene and 0.1 M TBAH in acetonitrile, referenced against a 0.1 M Ag/AgNO3 electrode. 
Where Ra
2 is the correlation coefficient for anodic peak currents, Ia is the anodic peak current, Ic is 
the cathodic peak current, Ea is the anodic peak potential, Ec is the cathodic peak potential and ΔEp is 
the peak separation. 
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Figure 8) Cobaltocenium hexafluorophosphate and 0.1 M TBAH in acetonitrile, referenced against a 
0.1 M Ag/AgNO3 electrode. Ra
2 is the correlation coefficient for anodic peak currents, Ia is the anodic 
peak current, Ic is the cathodic peak current, Ea is the anodic peak potential, Ec is the cathodic peak 
potential, ΔEp is the peak separation. Peak potentials are corrected against ferrocene (E0 = 0.05 V). 
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Figure 9) Compound 89 and 0.1 M TBAH in acetonitrile, referenced against a 0.1 M Ag/AgNO3 
electrode. Where Ra
2 is the correlation coefficient for anodic peak currents, Ia is the anodic peak 
current, Ic is the cathodic peak current, Ea is the anodic peak potential, Ec is the cathodic peak 
potential, ΔEp is the peak separation. Peak potentials are corrected against ferrocene (E0 = 0.05 V). 
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The cyclic voltammograms in all cases were found to be symmetric with nearly equal 
cathodic (Ic) and anodic (Ia) peak currents, this naturally leads to Ia/Ic ratios that are close 
to unity (Ia/Ic = 1). The peak separation of the anodic and cathodic wave (Δ Ep) is slightly 
higher than 59 mV, which can be attributed to small amounts of uncompensated 
resistance (non-Nernstian behaviour).77 The linear relationship of peak currents with the 
squareroot of the scanspeed (√ʋ) indicates that all processes are diffusion controlled and 
that the different compounds remain stable upon repeated oxidation and reduction cycles 
(reversible). Furthermore, the half-wave potential of the Co(III)/Co(II) redox couple (E1/2 = 
1.33 V) of cobaltocenium hexafluorophosphate, which is referenced against the 
Fe(II)/Fe(III) redox couple of ferrocene (Figure 8)78,79, is in perfect agreement with the 
value that has been found in literature.80 Interestingly enough, the potential of compound 
89 (Figure 9) shifts 1.7*102 mV more positive with respect to the potential of the 
cobaltocenium/cobaltocene redox couple (Figure 8). A likely explanation for this is that 
the electron withdrawing character of the thioacetate group makes it easier for the cobalt 
centre to accept electrons from the electrode (i.e. the LUMO level is lowered). Dipping76, 
heating, or sonicating the gold electrode in a solution of compound 89 in ethanol didn’t 
result in functionalization of the electrode surface. The CV’s diagrams were comparable to 
the CV diagram which was shown previously in Figure 6B. 
 
In conclusion, compound 89 does not to form a SAM in solution on the surface of either 
the platinum or gold electrode. Instead, the molecules diffuse to the surface of the 
platinum or gold electrode to accept or donate electrons. This is indicated by the linear 
relationship of the current with the squareroot of the scanspeed for both metal surfaces 
(Figure 9). It was shown that the potential of 89 shifts 1.7*102 mV more positive with 
respect to the potential of the cobaltocenium/cobaltocene redox couple. A likely 
explanation for this is that the electron withdrawing character of the thioacetate group 
makes it easier for the cobalt centre to accept electrons from the electrode (i.e. the LUMO 
level is lowered). 
 
3.3.2 Preparation of SAM’s of phenylene-ethynylene wires of cobaltocene 
 
The previous measurements have shown that compound 89 is not bond to the surface of 
the gold electrode. In order to achieve covalent modification, both the gold and platinum 
working electrode were dipped in separate vials in a 5 mM solution of compound 89 in 
deuterated methanol. In a second step, potassium carbonate was added to cleave the 
thioacetate group (Scheme 2).81 Deuterated methanol was used to follow the reaction 
with 1H-NMR. 
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Scheme 2) Linking compound 89 to the platinum or gold surface of the working electrode to obtain 
91 and 92. Reagents and conditions used: (a) step 1) gold (Ø = 3 mm) and a platinum (Ø = 3 mm) 
working electrode were added in separate vials to a 5 mM solution of compound 89 in d4-MeOD, 
r.t., glovebox (N2). Step 2) excess of K2CO3 added and dipped for 24 h, r.t., glovebox (N2). 
 
An immediate color change from yellow to red was observed as soon as the potassium 
carbonate was added. A sample was taken from the reddish solution and analyzed using 
ESI-MS (Figure 10).  
 
Figure 10) ESI-MS spectrum of (A) compound 89 in methanol, and (B) compound 89 after 
deprotection with K2CO3 in MeOH. Measured spectra are shown as a black line, the calculated 
isotope patterns are shown as a grey line in the inset in both figures. 
 
Figure 10 indicates that the thioacetate group (Figure 10A) is cleaved upon addition of 
potassium carbonate (Figure 10B), and transformed into a thiol group. 1H-NMR confirms 
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this, and shows that the different resonances of compound 89 (Figure 11A) shift upon 
addition of potassium carbonate (Figure 11B). This indicates that there is a good electronic 
communication through the phenylene-ethynylene linker, since the protons on the 
cyclopentadienyl rings also shift considerably.  
 
Figure 11 (A) 1H-NMR spectrum of compound 89 in d4-MeOD. (B) 
1H-NMR spectrum of compound 89 
after deprotection with potassium carbonate in d4-MeOD. 
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No resonance for the thiol group is observed in Figure 11B (proton g), this is probably 
caused by the exchange of deuterium atoms from the methanol. The peak at 1.99 ppm in 
Figure 11B could be attributed to acetic acid, which is formed during the cleavage of the 
thioacetate group with potassium carbonate. It was expected that the integral would be 3, 
but it could be that the proton of the thiol group (g) is located here as well.  
 
After 24 hours, both electrodes were rinsed with methanol and acetonitrile, and were 
sonicated for a few minutes in methanol to remove any contaminations present on the 
electrode surfaces. Cyclic voltammograms were then seperately recorded for both 
electrodes at different scan speeds as shown in Figure 12. Surprisingly enough, a linear 
relationship between current and scan speed is present for the platinum electrode, which 
was actually expected for the gold electrode. The linear relationship, the symmetrical 
waves, and the fact that the peak potential (E1/2 = -1.16 V) is exactly the same as found 
earlier for compound 89 (Figure 9), make it highly likely that compound 89 is covalently 
attached to the platinum electrode (91). The fact that no linear relationship is present 
between the scanspeed and the peak currents for the gold electrode (Figure 12), indicates 
that no SAM covers the surface. A small amount of adsorbed species, not necessarily 
compound 89, could be responsible for the low currents measured. However, no further 
convincing evidence is available to support this hypothesis. The IA/IC ratio is also much 
higher than 1 in case of the gold electrode, which could indicate that redox events take 
place. On the other hand, the currents which are measured are below 0.5 µA, which 
increases the error in the measurements considerably since this is almost the same as the 
background current (iCH).   
 
It was also observed that a ≈ 50 mV peak separation (Δ Ep) between the anodic and the 
cathodic peak was present for the platinum electrode, whereas 0 V is expected for any 
ideal monolayer displaying Nernstian charge transfer.70 It is known that many of the 
reported voltammograms of adsorbed species to an electrode are symmetrical, have 
seldom a peak separation of 0 V and values of FWHM are typically larger than 90.6 mV.82 
One explanation could be that in the layer of immobilized redox centres, there might be 
subtle variations in structure, solvation, environment etc. that could give rise to a range of 
closely spaced E0 values that causes the broadening and the asymmetry. Another 
explanation could be that interactions exist between the chains. The broadened wave in 
these experiments could also be attributed to repulsive interactions between the chains 
on the modified surface due to the dense packing71 or to the charges that are present at 
the cobalt (III) centres. This makes it also difficult to accurately determine the rate 
constant (kET), since equation 1 (paragraph 3.1.2) accounts for ideal systems. 
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Figure 12) Conversion of 91 into 92 in a 0.1 M solution of TBAH in acetonitrile, referenced against a 
0.1 M Ag/AgNO3 electrode. Ra
2 is the correlation coefficient for anodic peak currents, Ia is the anodic 
peak current, Ic is the cathodic peak current, Ea is the anodic peak potential, Ec is the cathodic peak 
potential, ΔEp is the peak separation. Peak potentials are corrected against ferrocene (E0 = 0.05 V). 
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To test the chemical reversibility and stability of the SAM on the platinum electrode, it was 
decided to perform 100 repeating scan cycles at a scan speed of 100 mV/s (Figure 13A). 
 
Figure 13 (A-D) Stability test of 91 and 92 on a platinum working electrode. Measured in 0.1 M TBAH 
in acetonitrile, referenced against a 0.1 M Ag/AgNO3 electrode. CV’s are shown for every 5 cycles, 
and recorded at a scan speed of 100 mV/s. The arrows indicate the shift of the peak current with an 
increasing amount of scan cycles. Peak potentials are corrected against ferrocene (E0 = 0.05 V). 
 
In case of the platinum electrode, the shape of the peaks and the peak potential remain 
the same after 100 cycles (Figure 13C and 13D), but a linear decrease in peak current is 
observed as indicated in Figure 13B. A significant amount of charge transfer through the 
thiolate bonds could be an explanation for the stripping that occurs in SAM’s.21 In 
literature it is known that recombinative desorption to a disulfide is a process that costs 
about 30 kcal/mol.83,84 This process might also have occurred here. In the work of Swarts 
et al.85, it was shown that cobaltocenium tetrafluoroborate linked via a carbon – carbon 
bond (> 100 kcal/mol) to a glassy electrode surface showed almost no decrease in peak 
current upon repeated scanning using the same solvent/electrolyte conditions as in our 
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experiments. The strong carbon-carbon bond was said to be responsible for the more 
robust properties of the electrode. Sulfur atoms form much weaker thiolate bonds on 
electrodes or metal surfaces. 
 
The packing of the surface (Γ) can be determined in two ways. The first option is to use 
equation 2, in combination with the linear trendline of Figure 12 for the anodic peak 
current. A packing of Γୟ ൌ 1.2*10-9 mol cm-2 was calculated, where values of n = 1, Asur = 
7.1*10-2 cm2 (ØAu = 3 mm) and T = 293 K were used. Another way is to integrate the area 
under the CV diagrams to determine the charge (Q), and in a second step Γ by using 
equations 5 and 6.  
 
ܳ ൌ න ܫ	݀ݐ
௧೑	
௧೔
																																																																																																																																										ሺ5ሻ 
 
Γ ൌ 	 ܳ݊ܨܣ																																																																																																																																														ሺ6ሻ 
 
In this case, a value of Γୟ ൌ 3.1*10-9 mol cm-2 was found, where Q = 2.1*10-5 Coulomb for 
a scanspeed of 100 mV/s (Figure 12). The small difference could be caused by errors made 
in integrating the area underneath the peaks. The dotted lines in Figure 14A show the 
boundaries of the area underneath the anodic and cathodic peaks that were integrated to 
calculate the charge (Q) after 100 scans.   
 
Figure 14 (A) CV after 100 scans. Dotted lines represent the boundaries of the area underneath the 
anodic and cathodic peak potential that were used for integration. (B) Decrease in current (Q) as a 
function of the increased amount of scans on a platinum surface. 
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This was also done for the other scans that are shown in Figure 13, and it was noticed that 
the charge (Q) decreases in total by ≈ 30% when the amount of scan cycles increase 
(Figure 14B). This is attributed to the stripping of the SAM on the electrode. The 
theoretical maximum coverage of compound 89 on the platinum electrode surface is not 
very easy to determine. Different crystal lattices, defects and molecules with different tilt 
angles are present on the surface. These are just a few examples of factors that are of 
significant influence, but the value is close to Γ = 10-9 mol cm-2. This value has been found 
in literature many times before for analogues monolayer systems of ferrocene.54,82 
 
To summarize, from cyclic voltammetry experiments, it can be concluded that after 
deprotection of compound 89 (free thiol), a SAM is formed on the surface of the platinum 
working electrode. Repeated oxidation and reduction cycles show reversible redox 
behavior, however a substantial part of the surface-bound thiols (≈ 30%) were lost after 
100 cycles. Remarkably enough, no stable SAM was formed by in-situ deprotection of 
compound 89 in the presence of a gold working electrode. No explanation was found for 
this result.       
 
3.4 General conclusions 
 
It was demonstrated that a thioacetate functionalized cobaltocenium salt (89) can be 
isolated in an overall yield of 16%. This is the first time that a thioacetate functionalized 
cobaltocenium salt was prepared. The strategy used here, shows promise in the 
preparation of other phenylene-ethynylene wired cobaltocenium analogues. The fact that 
compound 89 has a lower redox potential (170 mV) then cobaltocenium 
hexafluorophosphate was attributed to the electron withdrawing character of the 
thioacetate group, which makes it easier to accept electrons from the working electrode 
(LUMO level is lowered).  
 
Cyclic voltammetry experiments showed that compound 89 can be attached to the surface 
of a platinum electrode after deprotection with tetrabutylammonium fluoride (TBAF), and 
remains relatively stable upon multiple reduction and oxidation cycles to the cobalt (II) 
and cobalt (III) oxidation state respectively. About 30% of the self assembled monolayer 
(SAM) of 89 is cleaved off the platinum electrode after 100 scan cycles. It is proposed that 
the thiolate bond cleaves off upon repeated oxidation cycles. 
  
The cyclic voltammogram of 89, which is covalently attached to the electrode, 
unexpectedly, has exactly the same redox potential of 89 free in solution (V = -1.16 V). It 
Chapter 3   
88 
was expected that the SAM formed from compound 89 (thiolate bond) has a different 
HOMO – LUMO gap, compared to compound 89 (thioacetate bond) which must diffuse to 
the surface of the electrode to accept or donate electrons. Covalent attachment is further 
supported by the linear relationship between current and scan speed, and the amount of 
species that are adsorbed on the surface of the electrode is comparable with literature 
values82 for these systems (Γ ≈ 10-9 mol cm-2). This is the first time that a cobaltocene is 
attached via a thiolate group to the surface of an electrode. In contrast to what was 
reported in literature on thioacetate groups76, no evidence was found in the compounds 
studied here that these groups are cleaved off spontaneously on gold surfaces to form a 
thiolate bond. Surprisingly enough, in-situ deprotection of compound 89 in the presence 
of a gold electrode did not result in the formation of a stable SAM. No explanation was 
found for this result. 
 
3.5 Experimental 
 
General procedures 
 
Unless stated otherwise, all solvents were dried and distilled before use and all 
procedures were carried out under an argon atmosphere with standard Schlenk 
techniques. Preparative aluminium oxide on TLC plates were purchased from Sigma-
Aldrich (catalog nr: 90066). Ultrasonication was performed with a VWR USC300T 
apparatus. 1H NMR and 13C NMR spectra were recorded on a Bruker DPX200, Bruker DMX 
300 or Varian Inova 400 instrument at room temperature and calibrated using 
tetramethylsilane as internal standard. Abbreviations used are: s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, pseudo-t = pseudo triplet, br = broad. UV-Vis spectra 
were recorded on a Perkin-Elmer Lambda 2 UV/VIS spectrophotometer. Infrared spectra 
(IR) were recorded on a Thermo Mattson IR 300 spectrometer (liquid) or a Bruker Tensor 
27 (KBr) instrument. Electron spray ionisation mass spectrometry (ESI-MS) measurements 
were performed on a Finnigan Surveyor instrument. High resolution mass spectrometry 
(HRMS) measurements were recorded on a JEOL Accutof CS instrument with polyethylene 
glycol as internal reference. Cyclic voltammetry experiments were carried out using a PG 
stat 100 system. Measurements with scan rates between 0.01 and 0.5 V/s were recorded 
in Autolab GPES software. Unless stated otherwise, for all measurements a three 
electrode configuration were used: a platinum disc counter electrode, a platinum (Ø = 3 
mm) or gold (Ø = 3 mm) working electrode (Metrohm AG CH-9101), a 0.1M Ag/AgNO3 
reference electrode, and the supporting electrolyte contains 0.1 M of n-
tetrabutylammonium hexafluorophosphate (TBAH). All potentials were calibrated against 
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the formal potential of the ferrocene/ferrocenium redox couple in acetonitrile, which was 
set to E0 = 0 V. All scans were repeated two times. 
 
Cobaltocenium [2-[4-(S-acetylthio)phenyl]ethynyl] iodide (89)   
 
To a 100 ml flame-dried Schlenck flask was added 301 mg 
(0.70 mmol) of trimethylsilylethynyl cobaltocenium 
hexafluorophosphate (12), 229 mg of (0.82 mmol) 1-(S-
acetylthio)-4-iodobenzene (88), 29.3 mg (0.15 mmol) of 
copper (I) iodide, 90.7 mg (0.35 mmol) of 
triphenylphosphine and 82.8 mg (0.14 mmol) of bis(dibenzylideneacetone) palladium. 
After degassing for 2 hours, 30 ml of dry degassed (four consecutive freeze-pump-thaw 
cycles) THF/MeOH = 4/1 (v/v) solution was added and the reaction mixture was stirred for 
5 minutes under an argon atmosphere at room temperature. Then, 70 µl (70 µmol) of a 
1M tetrabutylammonium fluoride (TBAF) solution in THF (containing 5% water) was added 
to the dark reddish reaction mixture. A dark color change appeared and another 3 
portions of 70 µl TBAF were added at regular 30 minute intervals. After 2 hours, the 
reaction mixture was evaporated under reduced pressure and the crude reaction mixture 
was taken up in a small amount of acetonitrile (≈ 5 ml). The black solution was equally 
distributed (≈ 0.3 ml per plate) over aluminium oxide coated (1 mm thick) thin layer 
chromatography plates (neutral, grade I). Acetonitrile was used as the mobile phase, and a 
broad bright yellow band appeared at a retention factor (Rf) between 0.5 and 0.9. The 
yellow band was quickly removed from all TLC plates, and the contents was deposited on a 
funnel equipped with a small cotton plug and was filtrated using acetonitrile. All the 
filtered fractions were collected, concentrated, and brought again on preparative Al2O3-
plates. The work-up procedure was repeated and the title compound appeared as a small 
yellowish band (Rf = 0.48 – 0.54), and was isolated as a light brownish oil in 16% yield (55 
mg, 0.11 mmol). 127I-NMR was referenced against potassium iodide in CD3CN. 
 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 2.43 (s, 3H, CH3), 5.74 (s, 5H, C5H5-Co), 5.75 (pseudo-t, 2H, 
C5H4-Co, J = 2.0 Hz), 5.96 (pseudo-t, 2H, C5H5-Co, J = 2.1 Hz), 7.50 (m, 2H, CH), 7.66 (m, 2H, CH). 
1H-
NMR (d4-MeOD, δ (ppm), 300 MHz): 2.44 (s, 3H, CH3), 5.88 (s, 5H, C5H5-Co), 5.91 (pseudo-t, 2H, C5H4-
Co, J = 2.1 Hz), 6.16 (pseudo-t, 2H, C5H4-Co, J = 2.1 Hz), 7.50 (m, 2H, CH), 7.66 (m, 2H, CH). 
13C-NMR 
(CD3CN, δ (ppm), 300 MHz): 30.59, 85.9, 86.9, 87.4, 133.3, 135.6. 13C-NMR (d4-MeOD, δ (ppm), 300 
MHz): 30.39, 86.3, 87.4, 87.7, 133.7, 135.9. 127I-NMR (CD3CN, δ (ppm), 500 MHz, KI): 5.3. 127I-NMR 
(CD3CN, δ (ppm), 500 MHz, compound 89): 119.8. IR (liquid, cm-1): 3434, 3087, 2924, 2850, 2224, 
1701, 1496, 1114, 612. UV-vis (CH3CN) λ/nm (log ε/M-1 cm-1): 233 (4.7), 246 (4.7), 275 (4.7), 363 
(4.2). HRMS: m/z calculated for [C20H16CoSO]
+: 363.0254, found: 363.0240. 
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Cobaltocenium [2-(4-mercaptophenyl)ethynyl] iodide  
 
To a vial containing 4.7 mg (8.2 µmol) of cobaltocenium 
[2-[4-(S-acetylthio)phenyl]ethynyl] iodide was added 2.0 
ml of methanol, and a freshly polished gold electrode 
inside a glovebox at room temperature. In a similar vial 
containing 4.7 mg (8.2 µmol) of cobaltocenium [2-[4-(S-
acetylthio)phenyl]ethynyl] iodide was added 2.0 ml of methanol, and a platinum 
electrode. To the yellowish solution was added an excess of potassium carbonate 
(anhydrous), and the solution in both vials turned dark reddish immediately. The 
electrodes were left in solution for 1 day, and were then rinsed with methanol and 
acetonitrile, followed by sonication for 5 minutes in acetonitrile. The same conditions 
were used as described in paragraph 2.6 for all electrochemical experiments conducted. 
 
1H-NMR (d4-MeOD, δ (ppm), 400 MHz): 2.02 (s, 3H, cleaved CH3), 5.79 (s, 5H, C5H5-Co), 5.82 (pseudo-
t, 2H, C5H4-Co, J = 2.1 Hz), 6.03 (pseudo-t, 2H, C5H4-Co, J = 2.1 Hz), 7.10 (m, 2H, CH), 7.38 (m, 2H, CH). 
No SH resonance was observed, which is probably caused by the exchange of deuterium atoms. IR 
(liquid, cm-1): 3278, 2958, 2927, 2193, 2081, 1663, 1443, 1331, 1103, 1069, 858, 828, 672. HRMS: 
m/z calculated for [C18H14CoS]
+: 321.0148, found: 321.0136. 
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Chapter 4 
 
 
Metallocene-functionalized polyisocyanides 
 
 
 
 
4.1 Introduction 
 
Many articles, reviews and books have been written about metallopolymers1,2, and several 
in the subfield of metallocene-functionalized polymers.3,4 The general observation is that 
most conjugated doped polymers that contain metal atoms still act as semiconductors, 
since the orbital overlap between the metal centres and the conjugated organic part is not 
very efficient (no metallic state).5 Rapid charge transport is needed to use these materials 
in electronic devices. Metal-doped polymers that do show rapid charge transport include 
crosslinked networks of poly(p-phenylene-ethynylene) (PPE) with platinum (0) species 
(94), which increases the charge carrier mobility of PPE significantly (Scheme 1).6 
 
Scheme 1) Reaction of poly(p-phenylene-ethynylene) (PPE) (93) with a Pt(styrene)3 catalyst to form 
2D crosslinked networks of PPE with platinum(0) species (94). 
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These crosslinked networks are prepared by adding 0.17 molar equivalents of a 
Pt(styrene)3 complex to a solution of PPE (93) in styrene. Then, the styrene ligands on the 
platinum complex are replaced by two acetylene bonds of two polymer strands of PPE to 
form stable bis-ethynylene platinum complexes (94). The volatile styrene is removed from 
the product after the exchange reaction. Enhanced electronic communication is achieved 
due to the π-back-bonding interactions of the platinum (0) species with the phenylene-
ethynylene moieties.7 It was found that compared to neat PPE (93), the electron and hole 
mobility (µ) were ≈ 10 times higher at a Pt(0)/PPE molratio of ≈ 0.17. Higher Pt(0) 
concentrations didn’t further increase the electron mobility of 94. Compared to the hole 
charge carrier mobilities of polycrystalline silicon (1.0 cm2 V-1 s-1)8, the value measured for 
94 is still a factor ≈ 100 lower (1.4*10-2 cm2 V-1 s-1). Therefore, significant improvents are 
needed to prepare a new generation of high-performance semiconducting devices. 
 
4.1.1 Ferrocene-based memory device 
 
Conductive wires based on ferrocene were found to have use in a resistance memory 
device9 (Scheme 2). The conjugated polymeric fluorene backbone with n-hexyl tails (PFT2) 
has been used in organic thin-film transistors (OTFT’s) before, because of its high carrier 
mobility and easy synthesis. A ferrocene based PFT2 monomer (PFT2-Fc) was synthesized, 
and copolymerized with PFT2 monomer via a Suzuki polycondensation reaction to obtain 
statistical copolymer 95A.  
 
Scheme 2) Ferrocene-based memory device by switching electrochemically between on/off states. 
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A memory device was fabricated by spincoating a 0.9 wt% solution of compound 95A in 
chlorobenzene onto an indium-tin-oxide (ITO) patterned glass substrate to obtain a 
polymer film thickness between 50 and 60 nm. A 5 nm LiF layer was placed on top of this, 
followed by the deposition of an 80 nm thick aluminium layer as top electrode. The LiF 
layer was added, because it was found in other devices that this results in better charge 
injection10, which results in a better device performance. By applying a certain potential to 
the device, the ferrocene moiety becomes either charged (95B) or neutral (95A), which 
results in the on (low resistance) or off (high resistance) state respectively. It was observed 
that the difference in resistance between the on/off state is ≈ 103 Ohm. The device 
performance decreases after 7 hours, under continuous switching every 2 seconds 
between on/off states. It was concluded that improvents are needed to seriously compete 
with the current silicon technology in semiconductor devices. 
 
4.1.2 Metallocene-based dendrimers 
 
Ferrocene and cobaltocenium-based dendrimers have found applications in magnetic 
nanodots11, sensor applications12-14, stimuli responsive gels15, and molecular electronics.16 
Ferrocene-functionalized dendrimers (up to 4 generations) are electrochemically 
reversible in solution, which is remarkable, since one would expect that not all redox-sites 
are easily reached by diffusion of the dendrimers to the working electrode (Chart 1).  
 
Chart 1) Example of a third generation ferrocene-based dendrimer (96).17 
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An explanation for this behaviour is that the time it takes for such a dendrimer to rotate is 
much shorter than the time it takes to conduct the voltage sweep (≈ 0.1 sec).17 For larger 
dendrimers (5 up to 7 generations), a combination of ultra-fast through-space electron 
hopping processes between individual closely spaced redox-centres, and fast rotation 
times of the dendrimer itself are believed to explain the single redox waves that are 
typically observed in these electrochemically reversible systems.18,19   
 
4.1.3 Aim: Metallocene-functionalized polyisocyanides and polymersomes 
 
It is investiged here if metallocene-functionalized polyisocyanide homopolymers could 
serve as a conductive wire (Scheme 3). Like crowded dendrimers, the distances between 
the metallocene units (grey) in the sidearms of the isocyanopeptide groups (red) may be 
short enough to give electronic interactions. It was not calculated if there is enough orbital 
overlap between the individual metallocene units to support this theory, however it is 
known from literature that Dexter energy transfer may take place below 10 Å when 
sufficient orbital overlap is present20. The distance between the helical screws in alanyl-
alanine polyisocyanides (PIAA) is 4.7 Å, which should be sufficient.21 It is aimed to 
synthesize ferrocene (98A), and cobaltocenium hexafluorophosphate (98B) functionalized 
polyisocyanopeptides from the corresponding metallocene isocyanide monomers 97A and 
97B respectively. The ferrocene homopolymer serves as a model system, whereas the 
charged cobaltocenium analog would be of interest for spintronic applications if this 
polymer (or actually the cobalt (II) analog), is able to conduct spin polarized electrons.  
 
Scheme 3) Proposed synthesis of metallocene-functionalized polyisocyanides 98A and 98B. The dark 
spiral represents the isocyanide backbone, and the light part represents the dipeptide linker and 
triazole group. The grey sphere is a metallocene unit (M). M is either Fe or Co+ PF6
-. 
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No modelling studies were performed to investigate if there is enough space for the 
individual metallocene units in the homopolymers. However, it was calculated in 
paragraph 1.4.6 that the size of a metallocene unit (≈ 3.6 Å), is smaller than the 4.7 Å 
average spacing distance between the helical screws in alanyl-alanine polyisocyanides 
(PIAA) of Cornelissen et al.21. Based on steric considerations, it is therefore assumed that 
there should be enough room for the individual metallocene units to prevent distortion or 
unfolding of the helix upon polymerization.    
 
Besides homopolymers, an attempt is also made to construct amphiphiles of polystyrene 
(hydrofobic part) and metallocene-functionalized polyisocyanides (hydrophilic part). Based 
on the work of Vriezema et al.22, it is expected that vesicular aggregates 100A and 100B 
are formed by adding ferrocene (99A) or cobaltocenium (99B) functionalized block 
copolymers from a THF solution into water (Scheme 4). This could form polymersomes 
that have similar or superior conductive properties as giant metallocene dendrimers. It is 
assumed that on average, the metallocene units are in closer proximity to each other 
compared to 5th to 7th generation dendrimers. The packing in giant dendrimers is 
restricted by steric hindrance due to its rigid inner core, while the shape of polymersomes 
is much more flexible. This allows for a tighter packing of the individual molecules, which 
may allow for a better conductivity.  
 
Scheme 4) Towards the formation of metallocene-functionalized polymersomes 100A and 100B 
from polyisocyanopeptide-polystyrene block copolymers 99A and 99B respectively. The dark part 
represents the polyisocyanide part, the light part represents the polystyrene tail. M is either Fe or 
Co+ PF6
-. 
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4.2 Synthesis of metallocene-functionalized polyisocyanides 
 
Polyisocyanides with two alanine units in the side arms of the polymer were first 
introduced by Cornelissen et al.23 These polymers form a stiff and well defined polymeric 
backbone due to the hydrogen-bonding interactions between every nth and (n+4)th 
dipeptide unit. Starting from (101), N-Formyl-L-alanyl-L-alanine azidopropyl amide (102) 
was synthesized in five steps according to the work of Schwartz (Scheme 5).24  
 
Scheme 5) Synthesis of polyisocyanides 98A and 98B using two different Ni(II) catalysts (c1 or c2). 
Reagents and conditions used for Fe: (a) 1.0 eq. ethynylferrocene, 0.5 eq. CuI, 0.4 eq. PMDTA, THF, 
r.t., stirred for 3 days, 62% yield. (b) 2.6 eq. NMM, 0.5 eq. diphosgene, CH2Cl2, -30
oC, 20% yield. (c1) 
1/125 eq. Ni(ClO4)2 * 6 H2O, CDCl3/CH2Cl2/EtOH = 1000/99/1 (v/v), r.t., stirred up to 3 days. (c2) 
1/125 eq. (tBuNC)4Ni(ClO4)2, CDCl3/CH2Cl2/EtOH = 1000/99/1 (v/v), r.t., stirred up to 3 days. 
Reagents and conditions used for Co+ PF6
-: (a) step 1) 1.1 eq. trimethylsilylethynyl cobaltocenium 
hexafluorophosphate (12), 0.2 eq. CuI, CH3CN, r.t., stirred for a few min., Ar. step 2) 10 eq. K2CO3, 
r.t., stirred for 1 day, Ar, 68% yield. (b) 2.5 eq. NMM, 0.5 eq. diphosgene, CH3CN, -30
oC, 82% yield. 
(c1) 1/125 eq. Ni(ClO4)2 * 6 H2O, CD2Cl2/CH2Cl2/EtOH = 1000/99/1 (v/v), r.t., stirred up to 1 week. (c2) 
1/125 eq. (tBuNC)4Ni(ClO4)2, CD2Cl2/CH2Cl2/EtOH = 1000/99/1 (v/v), r.t., stirred up to 1 week.  
 
Although the D,L configuration is expected to have less steric interactions between the 
methyl groups in the side chains of the polymers24, the L,L configuration was initially 
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prepared: Schwartz found that unlike the D,L analogs, only the L,L homopolymers of 
compound 102 were soluble in organic solvents. However, studies with the D,L analogs 
could still be of interest in future experiments to compare these with the results on the L,L 
system, since the solubility properties might be different when a metallocene unit is 
coupled to the azide before the isocyanides are prepared.  
 
Compound 102 is then coupled to either ethynylferrocene or compound 12 to form 
compounds 103A and 103B respectively (a). In the next step, isocyanides 97A and 97B are 
prepared from 103A or 103B via a dehydradation reaction with diphosgene in the 
appropriate solvent (b). Both 1H-NMR and COSY spectra were measured of isocyanides 
97A (Figure 1) and 97B (Figure 2).  
 
Figure 1) 1H-NMR and COSY spectrum of compound 97A in CDCl3. Integral values are shown in grey. 
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The different resonances in the 1H-NMR of both compounds could be assigned to the 
different protons that are present in the molecule. COSY spectra were measured to assign 
the resonances between overlapping resonances in the 1H-NMR spectra of both 
isocyanides. It was concluded from this data, and the integral values that match the 
number of protons for all resonances, that the corresponding isocyanides were indeed 
formed. However, it was not determined if a hexafluorophosphate counterion is present, 
it could be that the counterion is exchanged for an iodide in step a (Scheme 5). 
 
Figure 2) 1H-NMR and COSY spectrum of compound 97B in CD3CN. Integral values are shown in grey. 
 
These isocyanides are then converted into polyisocyanides 98A or 98B respectively via a 
proposed merry-go-round mechanism25. Two different nickel (II) catalysts (route c1 or c2) 
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were used for the polymerization reaction. These nickel (II) catalysts were used to 
investigate their influence on the initial rate of the polymerization reaction. In case of the 
nickel perchlorate (Ni(ClO4)2 * 6 H2O) salt (c1), the isocyanide monomers first have to form 
a square planar complex around the nickel (II) centre before the polymerization is initiated 
with ethanol. In case of the nickel tert-butyl isocyanide ((tBuNC)4Ni(ClO4)2) complex (c2), 
the isocyanides are already preorganized around the nickel (II) complex. It is therefore 
expected that the initial polymerization rate is higher by using the latter nickel (II) 
complex. To allow for the formation of long polymers, it was decided to use ≈ 1/125 
equivalents of nickel catalyst instead of ≈ 0.03 equivalents, which was used by Schwartz to 
prepare ≈ 100 nanometer-sized polymers.24 
 
4.2.1 CD, IR and 1H-NMR measurements on ferrocene homopolymer 98A  
 
The progress of the polymerization of compound 97A into compound 98A (Figure 3A) was 
monitored by CD (Figure 3B) and IR spectroscopy (Figure 3C and 3D) in time. Like poly(L-
isocyanoalanyl-L-alanine methyl ester) (L,L-PIAA)23, a positive Cotton effect around λ = 315 
nm is expected for compound 98A. After 3 days of polymerization, a Cotton effect around 
λ = 280 nm was observed with an increase around λ = 360 nm (Figure 3B), which have 
previously been found to originate from polyisocyanides that lack a well-defined 
hydrogen-bonded network between the side-chains of the polymer (i.e. no n-π* 
transitions of the C=N chromophores).26 Although IR indicated that all isocyanide 
monomers (ʋ = 2141 cm-1) were consumed after 1 day of polymerization (Figure 3C and 
3D), no characteristic shifts were observed in the amide I (C=O, ʋ = 1659 cm-1) and amide 
II (NH, ʋ = 1548 cm-1) vibrations27 for the polymerization of 97A, using either Ni(ClO4)2 (c1) 
or (tBuNC)4Ni(ClO4)2 (c2). This strongly suggests that no extensive β-sheet networks28,29 are 
formed between the alanine units in the sidearms of the product. By comparing the IR 
data in Figure 3C and 3D after 30 minutes, it was calculated that the vibration of the 
isocyanide peaks decreased by ≈ 37% by using nickel perchlorate (Figure 3C), and by ≈ 27% 
by using the nickel tert-butyl isocyanide complex (Figure 3D).  
 
This higher initial rate for the nickel perchlorate complex was unexpected, since the 
monomers first need to preorganize around the nickel (II) complex to start the 
polymerization reaction, which is not the case for the nickel tert-butyl isocyanide complex. 
It could be that there is a slight variation in time when the samples were measured, or 
that the amount of catalyst which was added in both reactions was slightly different. More 
measurements are needed to support this data with statistical evidence to be able to draw 
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better conclusions about this. After 1 day, no isocyanide monomers were present 
anymore and the reaction could have been stopped.  
 
Figure 3 (A) Polymerization of compound 97A into compound 98A using either (c1) 1/125 eq. 
Ni(ClO4)2 * 6 H2O, or (c2) 1/125 eq. (tBuNC)4Ni(ClO4)2 in CDCl3/CH2Cl2/EtOH = 1000/99/1 (v/v). (B) CD 
spectrum of the crude reaction mixture after 3 days of polymerization of compound 97A using 1/125 
eq. Ni(ClO4)2 * 6 H2O in chloroform. Infrared spectrum of the crude reaction mixture of the 
polymerization of compound 97A at several time intervals using either (C) 1/125 eq. Ni(ClO4)2 * 6 
H2O, or (D) 1/125 eq. (tBuNC)4Ni(ClO4)2.  
 
At the same time, the reaction was also followed in time by 1H-NMR (Figure 4). Only small 
peak broadening is present upon polymerization of 97A with a solution of 1/125 eq. 
Ni(ClO4)2 * 6 H2O (c1), which indicates that polymerization takes place. No difference was 
observed in the 1H-NMR spectrum when (tBuNC)4Ni(ClO4)2 (c2) was used as a catalyst (not 
shown). The small peak at δ = 2.48 ppm (*) could not be explained, but is attributed to a 
contamination in the sample, which was already present in the isocyanide monomer as 
well.  
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Figure 4) 1H-NMR spectrum of the polymerization of compound 97A into compound 98A in CDCl3 at 
different time intervals. A solution of 1/125 eq. Ni(ClO4)2 * 6 H2O in CH2Cl2/EtOH = 99/1 (v/v) was 
added to initiate the polymerization reaction. 
 
It can not be excluded that some of the isocyanide monomer (97A) is hydrolyzed back to 
the formamide (103A), since peak broadening occurs around δ = 7.60 ppm after 1 day of 
polymerization. Unfortunately, compound 103A is not soluble in CDCl3 which prevents 
that the resonance in the 1H-NMR spectrum of the formamide can be compared with the 
broad peak found at δ = 7.60 ppm in Figure 4. Therefore, it can not be determined if 
hydrolysis to the formamide indeed occurred, although it is expected that a formamide 
resonance is shifted more downfield (≈ 8 ppm). No further attempts were undertaken to 
analyze the morphology of the polymeric structures with AFM, since both CD and IR data 
clearly indicate that no well-defined ferrocene-functionalized polyisocyanopeptide 
homopolymers were formed.    
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4.2.2 CD, IR and 1H-NMR measurements on cobaltocenium homopolymer 98B  
 
Compared to the polymerization of ferrocene isocyanide 97A, different behaviour is 
observed in the CD (Figure 5B) and IR spectra (Figure 5C and 5E) for the polymerization of 
cobaltocenium isocyanide 97B into 98B (Figure 5A). Again, a Cotton effect around λ = 280 
nm was observed with a broad peak around λ = 360 nm (Figure 5B), which indicates that 
again no well-defined polyisocyanopeptides were formed.26  
 
In contrast to Figure 3C and 3D, the amide II peak (NH) at ʋ = 1539 cm-1 decreases in time 
and a new peak arises at ʋ = 1713 cm-1 after 1 week of polymerization (shown by the black 
arrows in Figure 5). It is assumed that the dipole moment of the amide group (amide II), is 
influenced by the charged cobaltocenium moiety.30 This could also explain that the shape 
of the CD signal in Figure 5B is different compared to the CD signal in Figure 3B, since the 
Cotton effect has been shown to be very sensitive to both the dipole moment, and the 
directional alignment of the amide bonds in the hydrogen-bonding network between the 
peptide side-chains31. A remarkable observation in the IR spectra is the extra vibration 
which appears at ʋ = 605 cm-1 for the cobaltocenium moiety after 1 week of 
polymerization, and the decrease of a vibration at ʋ = 838 cm-1 in time (Figure 5D and 5F). 
Compared to the IR spectrum of cobaltocenium hexafluorophosphate, this could possibly 
be attributed to the cobaltocenium moiety itself. It is proposed that this is the result of the 
interaction of the cobaltocenium moieties with the amide groups, which caused the 
appearance of a new peak at ʋ = 1713 cm-1 as well. 
 
By comparing Figure 5C with 5E, it was found that the decrease of the isocyanide vibration 
(ʋ = 2143 cm-1) is higher for the nickel tert-butyl isocyanide ((tBuNC)4Ni(ClO4)2) complex. It 
was calculated that the isocyanide peak decreased by ≈ 39% after 1 day of polymerization 
(Figure 5E), while no decrease was found for the nickel perchlorate (Ni(ClO4)2 * 6 H2O) 
complex after 1 day (Figure 5C). This initial higher rate was also expected for the nickel 
tert-butyl isocyanide ((tBuNC)4Ni(ClO4)2) complex, since the tert-butyl isocyanides are 
already preorganized around the nickel (II) complex at the start of the polymerization 
reaction. On the other hand, more measurements are needed to support this data with 
statistical evidence to be able to draw better conclusions, since these polymerization 
reactions were only conducted once. This makes it also difficult to compare the initial 
polymerization rates between the ferrocene (97A) and cobaltocenium (97B) monomers by 
using different nickel catalysts.   
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Figure 5 (A) Polymerization of compound 97B into compound 98B using either (c1) 1/125 eq. 
Ni(ClO4)2 * 6 H2O, or (c2) 1/125 eq. (tBuNC)4Ni(ClO4)2 in CH2Cl2/CD2Cl2/EtOH = 1000/99/1 (v/v). (B) 
CD spectrum of the crude reaction mixture after 3 days of polymerization of compound 97B using 
1/125 eq. Ni(ClO4)2 * 6 H2O in dichloromethane. Infrared spectrum of the crude reaction mixture of 
the polymerization of compound 97B using either (C – D) 1/125 eq. Ni(ClO4)2 * 6 H2O, or (E – F) 
1/125 eq. (tBuNC)4Ni(ClO4)2 in CD2Cl2/EtOH = 99/1 (v/v). 
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Although compound 97B is much better soluble in acetonitrile, the polymerization 
reaction was carried out in dichloromethane, since acetonitrile is known to deactivate the 
nickel (II) catalyst. It was found that only small peak broadening occurred in the 1H-NMR 
spectrum in time (Figure 6), which usually indicates that only low molecular weight 
polymers are formed.  
 
Figure 6) 1H-NMR spectrum of the polymerization of compound 97B into compound 98B in CD2Cl2 at 
different time intervals. A solution of 1/125 eq. Ni(ClO4)2 * 6 H2O in CH2Cl2/EtOH = 99/1 (v/v) was 
added to initiate the polymerization reaction. The 1H-NMR spectrum of 97B in CD3CN is shown as 
well. 
 
Sonication was needed to dissolve compound 97B in dichloromethane, which may have 
caused that some of the isocyanide monomer was partially degraded into DMF and 
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acetonitrile before the nickel (II) complex was added to start the polymerization reaction. 
This is remarkable, since no plausible reaction mechanism was found to explain this. A 
more likely explanation is that the samples or NMR tubes were contaminated with DMF 
and acetonitrile. It is known that DMF and acetonitrile deactivates a nickel (II) catalyst, 
which may also explain the slow polymerization found in the IR spectra of Figure 5.   
 
It can not be excluded that some of the isocyanide monomer (97B) is also hydrolyzed back 
to the formamide (103B), since an extra resonance is present at δ = 8.34 ppm in CD2Cl2. 
Unfortunately, compound 103B is not soluble in CD2Cl2 which prevented that the 
resonance in the 1H-NMR spectrum of the formamide could be compared with the 
resonance found at δ = 8.34 ppm in Figure 6. Therefore, it can not be determined if 
hydrolysis to the formamide indeed occurred.  
 
No further attempts were undertaken to analyze the morphology of the polymeric 
structures with AFM, since CD, IR, and 1H-NMR clearly indicate that no well-defined 
cobaltocenium-functionalized polyisocyanopeptide homopolymers were formed.  
 
In general, it can be concluded from CD and IR spectroscopy that no well-defined 
polyisocyanodipeptide homopolymers of ferrocene (98A), and cobaltocenium 
hexafluorophosphate (98B) could be prepared. Besides that, no large peak broadening is 
observed in the 1H-NMR spectrum for the polymerization reactions of both isocyanides. 
This suggests that if any polymers are formed, they are very short. From these results can 
also be concluded that the overall charges which are present at the cobaltocenium 
moieties are not responsible for these results, since no overall charges are present in the 
analogous ferrocene system.   
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4.3 Copolymers of metallocene-functionalized polyisocyanides 
 
To attain a better understanding why no well-defined homopolymers were formed, it was 
decided to prepare series of statistical copolymers of L-isocyanoalanyl-L-alanine methyl 
ester (L,L-IAA)23 (104) with isocyanides 97A and 97B (Scheme 6). In this way, the distance 
between adjacent metallocene groups is increased, if statistical copolymerization occurs. 
This prevents electronic interactions between individual metallocene units, however the 
main objective in this paragraph is to study the influence of monomer ratio on the 
morphology and the physical properties of any resulting copolymers. 
 
Scheme 6) Copolymerization of isocyanides 97A and 97B with compound 104 using ≈ 1/125 eq. 
Ni(ClO4)2 * 6 H2O in CDCl3/EtOH = 99/1 (v/v), or ≈ 1/125 eq. (tBuNC)4Ni(ClO4)2 in CD2Cl2/EtOH = 99/1 
(v/v) respectively. 
 
The physical properties of compounds 105 – 114 will be discussed in paragraphs 4.3.1 and 
4.3.2, followed by atomic force microscopy (AFM), transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), and magnetic field birefringence studies on 
some of these compounds in paragraphs 4.3.3 – 4.3.5.  
 
4.3.1 CD, IR and 1H-NMR measurements on metallocene copolymers 
 
CD measurements were performed by taking a few droplets from the crude reaction 
mixture of the different polymerization reactions, which were subsequently diluted to the 
µM range in the appropriate solvent. A positive Cotton effect around λ = 310 nm is 
observed for all polymers, which is also expected for well-defined polyisocyanopeptides 
(Figure 7)26.  
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Figure 7 (A) CD spectra of compounds 105 – 108 and 114 in chloroform. (B) CD spectra of 
compounds 109 – 114 in dichloromethane. CD spectrum of compound 111 is missing. 
 
The difference in CD signal with homopolymers 98A (Figure 3B) and 98B (Figure 5B), 
shows that copolymerization with 104 has an important influence on the ordering of the 
side chains in the polymer (i.e. formation of intramolecular hydrogen bonds). Compared 
to compounds 108 and 114, a ≈ 7 nm shift was found in the CD spectra of compounds 105 
– 107 (Table 1).      
 
Table 1) Cotton effect (λmax) of compounds 105 – 108 and 114 in chloroform, and compounds 109 – 
114 in dichloromethane.    
 
Compound λmax (nm) Compound λmax (nm) 
105 317 109 311 
106 317 110 310 
107 315 112 313 
108 310 113 311 
114 310 114 312 
 
This difference is much smaller for compounds 109 – 113 compared to compound 114 in 
dichloromethane (Table 1). It could be that the solvent has an influence on the n-π* 
transitions of the C=N chromophores, which might cause this effect. This could also 
explain the 2 nm difference in λmax of compound 114 measured in chloroform and 
dichloromethane. The same polymerization reaction of compounds 105 – 107 should be 
conducted in dichloromethane, and the polymerization reaction of compounds 109 – 113 
in chloroform to investigate this, however it was found that the metallocene isocyanide 
monomers didn’t dissolve upon changing the solvents. Although 7 nm is a large shift for 
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compounds 105 – 108, the small differences in λmax of compounds 109 – 114 could also be 
caused by errors in the individual measurements. Most likely, the strength of the 
hydrogen-bonded network for copolymers 105 – 107 is different compared to the other 
copolymers, which influences the dipole moment, and thus the CD signal.  
 
Compared to homopolymers 98A (Figure 3) and 98B (Figure 5), the IR spectra of 
copolymers 108, 112, and 113, which contain a low amount of metallocene in the 
copolymer, show a clear shift of both of the amide bands to a lower wavenumber (Table 
2). This is in agreement with the observed CD effects around λ = 310 nm, which indicates 
that a regular array of hydrogen bonds with a permanent dipole moment is formed 
between the alanine units in the helical backbone of the polymer.23 This effect is much 
smaller in copolymers which contain more ferrocene (105 – 107), or cobaltocenium (109 – 
111) units. It was reported by Metselaar that this is due to a weaker hydrogen-bonded 
network.32 This may also explain the higher CD signal for compounds 105 – 107. All IR 
spectra of compounds 104 – 114 at different time intervals are shown in Figures 8 and 9.  
 
Table 2) Selected IR data (cm-1) of ester and amide bonds of compounds 104 – 114. Numbers 
between brackets indicate the difference in wavenumber (cm-1) between the polymers and the 
complementary values found for the monomers. All measurements were performed by taking a 
droplet from the monomer solution, or the crude reaction mixture of the polymer solutions. * CDCl3. 
** CD2Cl2. 
 
 Monomer Polymer 
Compound ester amide (I) amide (II) ester amide (I) amide (II) 
105* 1742 1666 1542 1742 (0) 1653 (-13) 1534 (-8) 
106* 1744 1673 1541 1744 (0) 1655 (-18) 1529 (-12) 
107* 1743 1674 1541 1743 (0) 1655 (-19) 1529 (-12) 
108* 1742 1668 1567 1745 (3) 1654 (-14) 1528 (-39) 
       
109** 1742 1672 1539 1742 (0) 1656 (-16) 1532 (-7) 
110** 1742 1673 1539 1742 (0) 1673 (0) 1542 (3) 
111** 1742 1671 1541 1742 (0) 1655 (-16) 1530 (-11) 
112** 1740 1666 1567 1745 (5) 1653 (-13) 1528 (-39) 
113** 1740 1669 1567 1745 (5) 1653 (-16) 1527 (-40) 
       
104/114* 1741 1668 1568 1746 (5) 1654 (-14) 1528 (-40) 
104/114** 1742 1668 1568 1746 (4) 1653 (-15) 1528 (-40) 
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Figure 8) IR spectra of the crude reaction mixture of compounds 104 – 108, and 114 in CDCl3. 
Measured at t = 0, t = 30 min, t = 14 hours, and t = 3 days. 
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Figure 9) IR spectra of the crude reaction mixture of compounds 104, and 109 – 114 in CD2Cl2. 
Measured at t = 0, t = 30 min, t = 1 day, t = 3 days, and t = 1 week (except compound 114). 
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Besides the shift of the amide I (C=O, ʋ ≈ 1654 cm-1) and amide II (NH, ʋ ≈ 1530 cm-1) 
vibrations, it was found that the decrease of the isocyanide peak (ʋ ≈ 2140 cm-1) in time is 
different for the ferrocene (Figure 8) compared to the cobaltocenium (Figure 9) 
copolymers. In the latter case, it was found for compounds 109 – 111 that still a 
substantial amount of isocyanide was left after 1 week of polymerization. One could argue 
that a different hydrogen-bonded network is formed between the sidearms of these 
polyisocyanopeptide copolymers, which may influence the rate of the polymerization 
reaction. This could be explained by the small shift of the amide II vibration (Table 2). On 
the other hand, this does not occur for the analogous ferrocene copolymers 105 – 107. 
Here, all isocyanides are consumed within ≈ 30 minutes, and the reaction could have been 
stopped. Charges present at the cobaltocenium moiety which repel each other when more 
of these isocyanides are present in the copolymer, or steric hindrance, are also unlikely 
explanations, since CD data shows that in all cases well-defined polymers (λmax ≈ 310 nm) 
are formed (Table 1).    
 
A more likely explanation for these results can be found in the 1H-NMR spectra (Figure 10 
and 11). In these figures, the 1H-NMR spectra are shown for all isocyanide monomers 
before the start of the polymerization reaction (t0), which means that isocyanides 97A and 
104 (Figure 10), or 97B and 104 (Figure 11), are only mixed in the appropriate solvent and 
no nickel (II) catalyst is added yet. It was found that isocyanide monomers 97A and 97B 
didn’t dissolve very well in either chloroform or dichloromethane respectively. Sonication 
was needed for several minutes to bring all metallocene isocyanide in the appropriate 
solution. Like the cobaltocenium homopolymer system (Figure 6), it was found that DMF 
and acetonitrile were present in the 1H-NMR spectrum of 97B (Figure 11), which is not the 
case for ferrocene analog 97A (Figure 10). No DMF and acetonitrile was found in the 1H-
NMR spectrum of 97B in acetonitrile (Figure 6), which may indicate that these side 
products are formed due to sonication. It can be excluded that the CD2Cl2 was 
contaminated with DMF and acetonitrile, since it was found that no DMF and acetonitrile 
were present in the 1H-NMR spectra of 104, 112, and 113 (Figure 11). This is not visible in 
Figure 11 due to overlapping peaks. For all polymerization reactions, the same batch of 
CD2Cl2 and metallocene isocyanide was used as well. A more likely explanation is that the 
metallocene isocyanide solution, which was also used for the homopolymerization 
reaction, was contaminated with DMF and acetonitrile. It is known that DMF and 
acetonitrile coordinate around nickel (II) species, which deactivate the catalyst. The 
presence of DMF and acetonitrile in the 1H-NMR spectra of 109 – 111 may explain the 
slow decrease of the isocyanide peak in the IR spectra of these compounds which are 
shown in Figure 9. No DMF and acetonitrile is present in the 1H-NMR spectra of the 
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ferrocene copolymers (Figure 10), and compounds 104, 112, and 113 (Figure 11), which 
may explain the fast polymerization that was observed in the IR spectra of these 
copolymers (Figure 8 and 9).  
 
Figure 10) 1H-NMR spectra of the reaction mixture of compounds 97A and 104 – 108 in CDCl3 before 
the start of the polymerization reaction (t0). The region between δ = 4.2 and 4.75 ppm is expanded, 
and the integral values of the different protons that could be measured of compounds 105 – 107 are 
shown in the table.  
 Metallocene-functionalized polyisocyanides 
117 
 
Figure 11) 1H-NMR spectra of the reaction mixture of compounds 97B, 104 and 109 – 113 in CD2Cl2 
before the start of the polymerization reaction (t0). The region between δ = 4.0 and 4.6 ppm is 
expanded, and the integral values of the different protons that could be measured of compounds 
109 – 111 are shown in the table.  
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The region between δ = 4.2 – 4.75 ppm for the ferrocene copolymers, and δ = 4.0 – 4.6 
ppm for the cobaltocenium copolymers is enlarged in Figures 10 and 11 respectively. From 
the integrals of the different protons can be determined how much of the two isocyanides 
are present at t0, since these values correspond to the amount of protons in the respective 
isocyanides which are indicated with a letter. The table in Figure 10 and 11 shows all 
integral values that were found for the different protons for a given compound at t0. No 
integral values were determined at t0 for compounds 108, 112, and 113, since not enough 
of the metallocene isocyanide was present in solution to determinate this accurately 
enough. Although it was attempted to mix the isocyanides in the appropriate molar ratios 
by using the dilution scheme that was used to prepare the different copolymers (see 
experimental section), it was found for compounds 105 – 107, 110 and 111 that these 
molar ratios are different (Table 3).  
 
Table 3) Calculated molar ratios from the integrals of the protons in Figure 10 and 11 respectively. 
The intended molar ratio is indicated between brackets. 
 
Compound Molar ratio calculated
105 (1:1) 1 : 1.8
106 (1:2) 1 : 2.3
107 (1:4) 1 : 5.5
110 (1:2) 1 : 3.7
111 (1:4) 1 : 9.0
 
As mentioned before, it was very difficult to dissolve isocyanides 97A and 97B in either 
chloroform or dichloromethane respectively. Most likely, not all isocyanide was dissolved 
upon sonication in the appropriate solvent. These may be the best explanation that less 
isocyanide is present compared to the amount of compound 104 at t0. The 
1H-NMR 
spectra of compounds 105 – 114 at all other time intervals are not shown, but the 1H-NMR 
resonances decreased between δ = 4.0 – 4.8 ppm in time. This makes it very difficult to 
determine the amount of metallocene isocyanide that is incorporated in the different 
copolymers. These molar ratios may be different compared to the molar ratios shown in 
Table 3, since in some cases not all isocyanide monomer was consumed as indicated by 
the IR data before (Figure 9).  
 
In general, it can be concluded from IR and CD data that well-defined copolymers of 
ferrocene and cobaltocenium hexafluorophosphate could be prepared with compound 
104 (L,L-IAA). IR data indicates that strong hydrogen-bonded networks are formed in the 
sidearms of the polyisocyanopeptides when these two compounds are mixed in a molar 
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ratio of 1:50 (108 and 112) or 1:100 (113). Molar ratios of 1:1 (105 and 109), 1:2 (106 and 
110), or 1:4 (107 and 111) results in much weaker hydrogen-bonded networks in the 
respective copolymers, which was concluded from the small shift in the amide II vibrations 
in the IR spectra. No explanation was found why the hydrogen bonds in the 1:1, 1:2, and 
1:4 copolymers are weaker compared to the 1:50 or 1:100 copolymers. It was concluded 
from 1H-NMR that the slow polymerization of compounds 109 – 111 may be attributed to 
the presence of DMF and acetonitrile that was present at the start of the polymerization 
reaction, which deactivates the nickel (II) catalyst. It was furthermore shown with 1H-NMR 
that isocyanides 97A and 97B were not properly mixed with 104 to the intended molar 
ratios of 1:1, 1:2 or 1:4. This is attributed to the poor solubility of the isocyanides in 
chloroform and dichloromethane respectively. No molar ratios could be determined for 
the 1:50 and 1:100 molar ratios for both ferrocene and cobaltocenium copolymers, since 
no protons of the metallocene isocyanides were visible in the 1H-NMR spectrum.      
 
It is also remarkable that all ferrocene (105 – 108), and cobaltocenium (109 – 113) 
copolymers form well-defined polyisocyanopeptides, while this is not the case for the 
ferrocene (98A) and cobaltocenium (98B) polyisocyanopeptide homopolymers (paragraph 
4.2). Although the size of the ferrocene and cobaltocenium moiety is comparable (≈ 3.6 Å 
x 3.6 Å33), and smaller than the calculated average spacing of 4.7 Å spacing between the 
side chains of L,L-PIAA21, it is possible that steric hindrance is responsible for this 
difference. Charges are considered to have no influence, since the ferrocene 
homopolymer is neutral. 
 
4.3.2 CV measurements on metallocene copolymers 
 
In order to study the polymers with cyclic voltammetry, all polymer solutions in the 1H-
NMR tubes which were also used for IR and CD spectroscopy measurements, were first 
precipitated in separate flasks in 20 ml of a cold MeOH/H2O = 3/1 (v/v) solution to remove 
as many of the side products as possible. Impurities could influence the CV measurements, 
since the different metals (iron or cobalt) are brought in less stable oxidation states when 
a certain potential is applied, which could lead to unwanted side reactions during the 
oxidation and reduction cycles inside the CV cell. The importance of CV experiments is 
that this technique can indeed prove if ferrocene or cobaltocenium moieties are present 
in the different copolymers. It is expected that their redox potentials (E0) are close to the 
redox potentials of the ferrocene/ferrocenium or cobaltocene/cobaltocenium redox 
couples in the appropriate solvent, since this has been shown before for ferrocene and 
cobaltocenium functionalized dendrimers as well.14,17,18 Besides that, the oxidation state 
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of the metals in these polymers can also be determined, and studied if the polymers 
remain stable when the oxidation states of the metals have changed by scanning multiple 
times.   
 
The precipitates of ferrocene copolymers 105 – 108 could easily be redissolved in 
chloroform, which were precipitated 2 more times in a fresh 20 ml solution of cold 
MeOH/H2O = 3/1 (v/v). Cobaltocenium copolymers 109 – 111 didn’t precipitate, but 
remained dissolved. In addition to that, cobaltocenium copolymers 112 and 113 formed a 
cloudy solution, which is indicative for the formation of aggregates. It was also attempted 
to precipitate copolymers 109 – 111 in MeOH and water, but this didn’t form a precipitate 
as well. All material was collected and evaporated to dryness, but it was not possible to 
redissolve compounds 109 – 111 in dichloromethane. Therefore, no CV spectra were 
measured for compounds 109 – 111. It is proposed that compared to the ferrocene 
copolymers, the charges which are present at the cobaltocenium moieties are responsible 
for this difference in precipitation behaviour. This will be further discussed in paragraphs 
4.3.3 and 4.3.4, where the results of microcopy studies (AFM, TEM and SEM) are shown. A 
part of the same batch of the crude reaction mixture of compounds 112 and 113 in 
dichloromethane was used for CV studies.   
 
The CV experiments for the ferrocene copolymers (105 – 108), and L,L-PIAA (114) were all 
conducted in chloroform (Figure 12A – 12E). According to the work of Pournaghi-Azar, a 
solution of 0.5 M tetra-butylammonium chlorate (Bu4NClO4), and 0.05 M tetra-
butylammonium iodide (TBAI) was added to a 0.1M Ag/AgNO3 solution in the 
compartment of the reference electrode.34 The CV cell itself was filled with ≈ 2 ml of a 0.1 
M tetra-butylammonium hexafluorophosphate (TBAH) solution as supporting electrolyte. 
Although the exact role of Bu4NClO4 and TBAI remain unclear, it was found that only by 
using these conditions a reversible baseline was formed between -1 µA and 1 µA at 
different scanspeeds (Figure 12F). Using only a 0.1M Ag/AgNO3 solution in the 
compartment of the reference electrode, resulted in a irreversible baseline between -40 
µA and 50 µA for the same electrolyte solution, which cannot be used for CV 
measurements.    
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Figure 12 (A-E) Cyclic voltammograms of compounds 105 – 108, and 114 in a 0.1 M tetra-
butylammonium hydroxide (TBAH) solution in chloroform, which contains a Pt working (Ø = 3 mm), 
and a Pt auxilary electrode. A solution of 0.5 M tetra-butylammonium chlorate (Bu4NClO4), 0.05 M 
tetra-butylammonium iodide (TBAI), and 0.1 M AgNO3 were added to the compartment of the silver 
reference electrode. (F) CV of the electrolyte solution. All peak potentials are corrected against the 
E0 of ferrocene in chloroform (E0 = +940 mV), and were adjusted to 0 V (appendix A1). 
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Compared to the blank experiments (Figures 12E and 12F), a clear oxidation and reduction 
peak is present for compounds 105 – 108 (Figure 12A – 12D), which is also present at the 
same potential of ferrocene in chloroform (appendix A1). The shape and position of the 
peaks remain the same upon repeated scanning cycles. This confirms that ferrocene is 
indeed incorporated in the different copolymers, and has an iron (II) oxidation state. The 
envelope shape of the waves in the CV diagram in Figures 12A – 12D, could possibly be 
attributed to a range of closely spaced E0 values of the individual ferrocene units in the 
copolymers that have no interaction with each other.17 Ferrocene-functionalized 5th 
generation dendrimers show for instance a single Gaussian-shaped oxidation and 
reduction peak in the time frame of the measurement, which was attributed to a 
simultaneous multielectron transfer of all the ferrocene centres at the same potential.35 In 
our experiments, it is proposed that ferrocene copolymers 105 – 108 diffuse to the surface 
of the electrode to accept or donate electrons, and then form a film on the electrode 
surface. This prevents other polymers to come close enough to the electrode surface to 
oxidize or reduce the iron atoms, since almost no intermolecular electron transfer takes 
place. Even at very low scan rates (10 mV/s), an envelope shape is still present, which 
shows that longer oxidation or reduction times has no significant influence on this process 
as well. 
 
The formation of a polymer film on the electrode surface, may also explain that no linear 
relationship is present between the current and the squareroot of the potential in the CV 
diagrams of Figure 12 (not shown). This hampers the diffusion of other ferrocene 
copolymers in the bulk to the electrode surface. One could argue that the increase of the 
waves around 0.8 V at different scan speeds in Figure 12A – 12D may be attributed to a 
combination of the structure of the polyisocyanide polymer and the solvent, since Figure 
12E and 12F also show a small increase in peak potential at 0.8 V. On the other hand, this 
effect is also present at -0.8 V in Figure 12E and 12F, which is clearly not the case for all 
copolymers in Figure 12A – 12D. Oxidation of the solvent is unlikely, because this would 
result in a steep increase of the peak potential, which is not present in the blank as well 
(Figure 12F). The best explanation may probably be found in the redox behaviour of the 
different copolymers. It could be that upon oxidation to Fe (III), the polymers are less 
soluble in the electrolyte solution and form a film on the electrode surface, which is not 
the case for the Fe (II) oxidation state at -0.8 V. Furthermore, it can be concluded that the 
polymers remain stable in solution upon repeated oxidation and reduction cycles, since all 
CV diagrams in Figure 12 were measured three times for every scanspeed, and were 
conducted directly after each other. This means that in total 15 scan cycles were 
conducted for compounds 105 – 108, and 114. 
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The CV experiments for cobaltocenium copolymers 112 and 113 were conducted in 
dichloromethane (Figure 13A and 13B).  
 
Figure 13 (A-B) Cyclic voltammograms of compounds 112 and 113, in a 0.1 M tetra-butylammonium 
hydroxide (TBAH) solution in dichloromethane, which contains a Pt working (Ø = 3 mm), and a Pt 
auxilary electrode. A solution of 0.01 M tetra-butylammonium iodide (TBAI), 0.1 M AgI, and 0.1 M 
AgNO3 were added to the compartment of the silver reference electrode. (C) Cyclic voltammogram 
of the electrolyte solution. No scanspeeds higher than 50 mV/s were recorded in the electrolyte 
solution. No CV of compound 114 was measured in dichloromethane. Peak potentials are corrected 
against the E0 of ferrocene (E0 = +830 mV) in dichloromethane, and were adjusted to 0 V. Cyclic 
voltammetry data of a solution of ferrocene and cobaltocenium hexafluorophosphate in 
dichloromethane are shown in appendix A2.  
 
Based on previous CV experiments in dichloromethane in our group, a solution of 0.01 M 
tetra-butylammonium iodide (TBAI) and AgI was added to a 0.1M Ag/AgNO3 solution in 
the compartment of the reference electrode. The CV cell itself was filled with ≈ 2 ml of a 
0.1 M tetra-butylammonium hexafluorophosphate (TBAH) solution as the supporting 
electrolyte (Figure 13C). These peak currents are higher compared to the chloroform 
system (Figure 12F), but values up to ≈ 1 µA are acceptable and differ from solvent to 
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solvent. Furthermore, it can be seen from Figure 13 that the measurements were 
conducted on the edge of the scan window for CH2Cl2, since at ≈ -1.6 V, or actually ≈ -0.77 
V in the measurement, the solvent starts to react with the electrode. However, currents of 
≈ 4 µA did not influence the measurement, since a reversible baseline was obtained for 
the electrolyte solution (Figure 12C), and copolymers 112 and 113 remained stable in 
solution upon repeated oxidation and reduction cycles. The CV diagrams in Figure 13A and 
13B were measured three times for every scanspeed, and were conducted directly after 
each other. This means that in total 18 scan cycles were conducted for compounds 112 
and 113. Unfortunately, no CV scans were measured for compound 114 in 
dichloromethane. Like compound 114 in chloroform (Figure 12E), it is expected that this 
compound has no influence on the CV diagrams of Figure 13A and 13B as well.  
 
Although tiny peaks are present in the electrolyte solution around -1.3 V (Figure 13C), it is 
clear that larger peaks are present in the CV diagrams of Figure 13A and 13B. The peaks 
are at the same position compared to cobaltocenium hexafluorophosphate in 
dichloromethane (appendix A2), from which can be concluded that cobaltocenium 
moieties are present in solution, which have a cobalt (III) oxidation state. It can not be 
concluded that cobaltocenium moieties are also incorporated in the copolymers, since 
these polymers did not precipitate but formed a cloudy solution in MeOH/H2O = 3/1 (v/v). 
Again, an envelope wave shape is present as seen before in the CV diagrams of ferrocene 
(Figure 12A – 12D), which may also be attributed to a range of closely spaced E0 values of 
the individual cobaltocenium units in the copolymers that have no interaction with each 
other.17 Like the ferrocene copolymers, it is not possible to accurately determine the 
amount of metallocene units that are on average present in the cobaltocenium 
copolymers by using this technique. The concentrations of the different copolymers that 
were measured in the CV cell are different, and integrating the area underneath the peaks 
to determine the amount of electrons that were transported leads to large errors as well. 
Elemental analysis might be a better option to determine this.  
 
In general, it can be concluded that ferrocene moieties are present in copolymers 105 – 
108, which have an iron (II) oxidation state. It can not be concluded that cobaltocenium 
moieties are present in copolymers 112 and 113, but the fact that no linear relationship is 
present between the current and the squareroot of the scanspeed in Figure 13 suggests 
that cobaltocenium hexafluorophosphate is not free in solution as well.  
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4.3.3 AFM studies on metallocene copolymers 
 
Ferrocene copolymers 105 – 108 were diluted in chloroform to a ≈ 10 mg/L solution, and 
were spin-coated on a mica surface (Figure 14A – 14C). Unfortunately, no polymers were 
found in the atomic force microscopy (AFM) pictures of compound 107. Many bright spots 
are visible in Figures 14A and 14C, but these do not necessarily have to result from 
polymers. It was shown by De Witte that chloroform on mica forms these bright spots as 
well.36 However, by taking a closer look at these images, it shows that worm-like tails are 
attached to these bright spots which are all different in size. These lengths of these 
objects were measured in the AFM images of compounds 105, 106 and 108, and are 
represented in Figure 14D. An increase in length was observed when more units of 104 
were incorporated in the corresponding polymers. It was calculated from this data that 
the average length is 93 ± 55 nm for compound 105, 229 ± 76 nm for compound 106, and 
376 ± 117 nm for compound 108.  
 
The height of the different objects is ≈ 1 nm, whereas the calculated diameter for L,L-PIAA 
(114) is ≈ 1.6 nm21. It was expected that the measured heights would be higher, since the 
length of a single metallocene isocyanide monomer is higher compared to L,L-IAA. It has 
been often noted that due to indentation of the probing AFM tip, the measured height is 
less than the real height37, which could be an explanation for these results. Metselaar 
found for comparable L,D-PIAA homopolymers a height of 0.30 ± 0.06 nm, which was also 
attributed to this effect.38  
 
Cobaltocenium copolymers 112 and 113 were diluted in dichloromethane to a ≈ 10 mg/L 
solution, which were then spin-coated on a mica surface (Figure 15A and 15B). No AFM 
studies were performed on the crude products of compounds 109 – 111, since the solid 
materials which were recovered from the precipitation efforts in water and methanol for 
CV studies (paragraph 4.3.2), could not be redissolved anymore. 
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Figure 14 (A – C) AFM images of ferrocene-functionalized copolymers 105, 106 and 108. All samples 
were allowed to dry overnight prior to measurement. Colored bars in the images are the cross 
sections taken that correspond to the related height profiles. (D) Scatter plot of the length of 75 
individual objects measured in the AFM images of 105, 106 (50 objects measured) and 108. 
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Figure 15 (A – B) AFM images of cobaltocenium functionalized copolymers 112 and 113. (C) AFM 
image of 114. All samples were allowed to dry overnight prior to measurement. The (colored) bars in 
the images are the cross sections taken that correspond to the related height profiles. 
 
In contrast to compound 114 (Figure 15C), which contains polymers of ≈ 400 nm in size, 
the mica surface of compounds 112 and 113 are covered with polymer networks that 
appear to be micrometers in length. The size of single polymers could not be determined, 
since no loose lying polymers are present. From the height profiles, it appears that the 
polymers are relatively uniform in thickness (≈ 1.5 nm). This is closer to what is expected 
for single polymeric chains of 112 and 113, since these polymers consist for a large part of 
L,L-PIAA (114). However, this is in contradiction with the polymer height found for 114, 
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where object heights of ≈ 1.0 nm were measured (Figure 15C). An explanation for this is 
difficult. It could also be that instead of tip artefacts38, the helical backbone of 114 is 
unwinded when it comes in contact with the mica surface, which is not the case for 
copolymers 112 and 113.   
 
A remarkable difference in morphology is present in the AFM images by comparing 
compounds 108 (Figure 14C) and 113 (Figure 15B). Polymers of ≈ 400 nm in length were 
measured in Figure 14C, while micrometer-sized fibers were measured in Figure 15B. 
Although it was not possible to determine the amount of ferrocene or cobaltocenium 
moieties that are present in these copolymers, it was attempted to incorporate an equal 
amount to be able to compare these systems. To recall, ferrocene-functionalized 
polyisocyanopeptides were prepared as a model system to compare these results with 
analogous cobaltocenium polyisocyanopeptides. From these results can be concluded that 
the charged cobaltocenium moiety has a great influence on the length and morphology of 
the copolymer. On the other hand, a difference in precipitation was already observed of 
the respective copolymers in a solution of MeOH/H2O = 3/1 (v/v). A solid precipitated in 
case of the ferrocene copolymer (108), and a cloudy solution was formed in case of the 
cobaltocenium analog (113). The latter observation usually implies that aggregates are 
formed, which is in agreement with the AFM image of 113. Transmission electron 
microscopy (TEM), and scanning electron microscopy (SEM) studies were conducted on 
aggregates 112 and 113 for further analysis, and will be further discussed in paragraph 
4.3.4. 
 
In general, it can be concluded from AFM studies that object lengths between ≈ 100 and 
400 nm were measured for ferrocene polyisocyanopeptides 105, 106 and 108, while 
micrometer-sized networks were found for cobaltocenium copolymers 112 and 113. This 
difference in morphology was attributed to the nature of the metallocene moiety which is 
present in these copolymers.           
 
4.3.4 TEM and SEM studies on cobaltocenium copolymers 112 and 113 
 
A droplet was taken from a ≈ 200 mg/L cloudy solution of compound 112 in MeOH/H2O = 
3/1 (v/v), and was brought on the carbon side of Cu/C electron microscopy grids. These 
grids were allowed to dry overnight, and were studied as shown in Figure 16 with 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM).  
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Figure 16 (A-B) TEM images of compound 112 at different position on the same grid. (C-F) SEM 
images of compound 112 at different positions on the same grid. All samples were prepared from a 
≈ 200 mg/L polymer solution of MeOH/H2O = 3/1 (v/v).  
 
Like the AFM images shown previously in Figure 15A and 15B, it was found by studying the 
TEM and SEM images that indeed large networks were formed. The thickness of the 
individual bundles that are present in these networks, was determined by measuring a 
random population of these bundles that are present in the SEM images of Figure 16. It 
was found that 47.5 ± 21.7 nm thick bundles were formed from a population of 50 objects. 
This is much thicker than the thickness of individual polyisocyanide polymers (≈ 1.6 nm), 
and the ≈ 1.5 nm height that was measured with AFM (Figure 15A) for these polymers in 
dichloromethane. There is also quite a large variation in thickness. An explanation for this 
remarkable behaviour is not easy, since many factors may contribute to the formation of 
these aggregates. It could be that the morphology of the bundles is different in 
dichloromethane, since the AFM samples were prepared form a solution of 112 or 113 in 
dichloromethane. Unfortunately, no TEM and SEM samples were prepared from 112 and 
113 in dichloromethane to compare this. On the other hand, the surface and the way the 
samples are prepared may also play an important role. Samples for AFM were prepared by 
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spincoating a ≈ 10 mg/L polymer solution on a mica surface, while a droplet of a ≈ 200 
mg/L polymer solution was evaporated on a carbon surface for TEM and SEM studies.     
 
As mentioned before, the nature of the metallocene is very important, since analogous 
ferrocene copolymers (108) form ≈ 300 nm long polymeric structures (Figure 14C). By 
studying the TEM and SEM images of copolymer 113 (Figure 17), it seems that the 
networks are more uniform in thickness.  
 
Figure 17 (A-B) TEM images of compound 113 at different locations. (C-F) SEM images of compound 
113 at different locations. All samples were prepared from a ≈ 200 mg/L polymer solution of 
MeOH/H2O = 3/1 (v/v). All samples were allowed to dry overnight prior to measurement. 
 
The thickness of the individual bundles that are present in the networks in Figure 17, was 
determined by measuring a random population of the bundles that are present in these 
TEM and SEM images. It was found by analyzing the TEM samples that 16.0 ± 3.6 nm thick 
bundles were formed from a population of 25 objects, and 18.9 ± 4.9 nm thick bundles 
were formed from a population of 50 objects in the SEM samples. Besides that, needle-
like structures are present as well in other areas of the grid of both samples, but their 
thickness could not be measured accurately enough in Figure 17. From a population of 15 
objects, it was found that 12.1 ± 3.0 nm thick needles were present in the TEM images of 
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Figure 16. Although both needles and networks are present in Figure 16 and 17, no further 
studies were conducted to see if these can be separately prepared under the right 
conditions, or that these structures always coexist next to each other.   
 
Two important questions are: “why are specifically these structures formed”, and 
secondly: “how are the individual polymers organized at the molecular level” ?  
 
It could be that the charges present in the individual polymeric chains form bigger 
individual fibers that organize themselves into regular-shaped macroscopic 3D-networks. 
This may explain the existence of both needles and networks, since these networks may 
be built from these needle-like structures. An interesting follow-up experiment could be to 
study the morphology of 112 and 113 by reducing the cobalt centres coulometrically from 
cobalt (III) to cobalt (II) by using microelectrodes. In such an experiment, all cobalt centres 
are reduced in time at a potential of Ec ≈ -1.3 V (referenced against ferrocene in DCM) in 
an electrolyte-free environment. It is expected that like ferrocene analog 108, no 3D 
networks will be present when no charges are present anymore in the polymeric chains of 
compounds 112 and 113.  
 
The influence of the surrounding media (solvent) on the morphology of the networks that 
were formed was investigated by TEM. Here, the polymer solution of compound 113 in 
dichloromethane was added to a flask which contained a solution of MeOH/H2O = 3/1 
(v/v), methanol, or ultra-pure water to achieve a final concentration of ≈ 200 mg/L. A 
droplet was taken from these solutions and was brought on the carbon side of the Cu/C 
electron microscopy grids. These grids were allowed to dry overnight, and were measured 
with TEM (Figure 18).  
 
Figure 18) TEM images of compound 113 precipitated from dichloromethane in (A) MeOH/H2O = 3/1 
(v/v), and (B) methanol. The concentration is ≈ 200 mg/L. All samples were allowed to dry overnight 
prior to measurement. No aggregates were formed in ultra-pure water. 
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Aggregates were formed in a solution of MeOH/H2O and methanol, but no aggregates 
were formed in ultra-pure water, which indicates that the surrounding media plays a very 
important role in the formation of these structures. A possible explanation could be that 
water shells are formed around the individual charged polymer strands in water, which 
prevents or distorts the organization into macroscopic ionic networks. In general, 
dissolving a crystalline substance to form hydrated ionic species is a thermodynamically 
favoured process that leads to a lower Gibbs energy, since the entropy of the system is 
increased.39  
 
In general, it can be concluded from the TEM and SEM studies that both needle-like 
structures and micrometer-sized macroscopic networks are present when a ≈ 200 mg/L 
solution of compound 112 or 113 is precipitated in a solution of MeOH/H2O = 3/1 (v/v). 
This is in contrast to AFM studies, where only networks were observed. On the other 
hand, not enough AFM studies were performed to confirm this. It was found that the 
amount of cobaltocenium moieties that are present in the copolymers is of influence on 
the thickness of the individual bundles that form the network. The bundles are more 
uniform in thickness when less cobaltocenium moieties are present in the copolymers. It is 
proposed that the amount of charges that are present in the copolymers (compound 112 
or 113) play a very important role, since no aggregates were formed for the 
complementary ferrocene copolymers (108). No needles and networks were found when 
compounds 112 and 113 were precipitated in ultra-pure water. It is proposed that water 
shells are formed around the individual charged polymer strands in water, which prevents 
or distorts the organization of these polyisocyanides into macroscopic ionic networks. 
 
4.3.5 Magnetic field induced birefringence studies on compounds 112 and 113 
 
It was attempted to align the individual bundles that are present in the cloudy solutions of 
compound 112 and 113 in the direction of the magnetic field. It was proven in the past, 
that soft polymeric peptide-based materials were aligned in magnetic fields to attain 
macroscopic control over assemblies.40,41 This procedure is attractive since it is contact 
free, homogenously effective over the whole sample, and can be used to produce 
structured thin films from disordered polymeric chains. Since compound 112 and 113 also 
contain peptide-based networks which have a dipole moment, it is expected that a 
magnetic field may influence the structural organization of the macroscopic fibers.    
 
Birefringence can be used to determine the arrangement of supramolecular structures.42 
This method makes use of the fact that the organic molecules which are used for self-
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assembly are anisotropic, which means that their physical or mechanical properties are 
different when measuring along different axes. This may allow us to study directionality in 
the intermolecular and non-covalent interactions by ordering the dipole moment of the 
aggregates in a magnetic field.43 A 5 mm cuvet was placed in the experimental setup to 
measure the magnetic field induced birefringence. A more detailed description of the 
setup can be found in the thesis of Dr. J.C. Gielen.42 It was found that no alignment of 
compounds 112 and 113 could be induced by increasing the magnetic field up to 20 Tesla 
(Figure 19A and 19B).  
 
Figure 19) Magnetic field induced birefringence of a 200 mg/L solution of (A) compound 112, and (B) 
compound 113 in MeOH/H2O = 3/1 (v/v) inside a 20 Tesla magnet.  
 
No clear difference in refractive index (birefringence) of the 200 mg/L aggregate solution 
was measured as a function of the magnetic field, which usually means that the 
aggregates didn’t align. The small signals which were measured (≈ 0.2o), were attributed 
to errors in the setup (laser, polarizer). Although it can not be excluded that a small 
degree of alignment was induced, it is known that alignment usually occurs at a 
birefringence higher than 1o. It could also be that the concentration of the samples were 
too low to measure a difference in birefringence as function of the magnetic field 
strength, or that the bundles are too large to induce a change. On the other hand, many 
scattering events occur when the concentration is too high which hampers the 
measurement. The background signal of a solution of MeOH/H2O = 3/1 (v/v) was 
measured at a birefringence of ≈ 6o.   
    
 
 
 
Chapter 4   
134 
4.4 Block copolymers of metallocene-functionalized polyisocyanopeptides 
 
The first publication on conductive polymersomes was prepared in the group of Prof. 
Nolte, and reports on blockcopolymers of polystyrene and thiophene functionalized 
polyisocyanides (PS-PIAT).22 These block copolymers self-assemble in water to give 
vesicular structures. Chemical cross-linking of the thiophene units, using a catalytic 
amount of [bis(2,2’-bipyridine) ruthenium(II) bis(pyrazolyl)] (BRP)44, rigidified the structure 
of the polymersomes. Both the non-cross-linked and the cross-linked polymersomes were 
placed between two ITO plates, and it was found that a ≈ 1000 times lower resistivity was 
measured in the latter case. This suggested that the thiophenes on the surface of the 
polymersomes had partly oligomerized, thereby lowering the resistance compared to the 
non-cross-linked analog.     
 
Very recently, cyclic voltammetry studies of 7th generation (≈ 32 nm in diameter) 
cobaltocenium functionalized dendrimers showed that ultra fast electron-hopping events 
can take place between neighbouring metallocene units.18 The fact that no conjugated 
linkers are needed for electron transfer between adjacent metallocene moieties, inspired 
us to construct the non-covalent version of such dendrimers. Here, we will attempt to 
construct polymersomes that have the ability to transport electrons via the metallocene 
units that are present in the outer layer of these aggregates (Scheme 4). It is proposed 
that the metallocene units will be organized in close enough proximity to facilitate 
electron transport the same way as in the case of the aforementioned dendrimers.  
 
First the synthesis of metallocene-functionalized polyisocyanopeptide-polystyrene block 
copolymers will be discussed in paragraph 4.4.1. Then the physical properties (paragraph 
4.4.2 and 4.4.3), and the results of the aggregation studies (paragraph 4.4.4) of these 
block copolymers will be discussed.   
 
4.4.1 Synthesis of metallocene-functionalized polyisocyanopeptide-polystyrene block 
copolymers  
 
Blockcopolymers of polystyrene and metallocene-functionalized polyisocyanides 99A and 
99B were prepared as shown in Scheme 7.  
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Scheme 7) Synthesis of polyisocyanides 99A and 99B. Reagents and conditions used: (a) excess of a 
solution of EtOAc/HCl, stirred for 2 hours, quantitative yield. (b) 1.6 eq. of (tBuNC)4Ni(ClO4)2 (117), 
CH2Cl2, r.t., stirred for 2 hours, no yield determined. (c) Block copolymerization of isocyanides 97A 
and 97B using ≈ 1/10 eq. of 118 in chloroform or dichloromethane respectively, r.t., stirred for 4 
days, no yield determined. 
 
Compound 115, which was provided by Encapson, was converted into compound 116 via a 
straightforward deprotection using a concentrated solution of EtOAc/HCl. The reaction 
could easily be monitored using 1H-NMR, since the tert-butyl group (δ = 1.54 ppm) from 
the boc-protected amine is removed by adding more equivalents of HCl. The nickel-
polystyrene complex (118) could then be prepared by mixing 116 and 117 in 
dichloromethane following standard literature procedures.45 In the next step, 10 
equivalents of 97A or 97B were added to a solution of 118 in chloroform or 
dichloromethane respectively, to initiate the polymerization reaction. Vriezema et al. 
found that this monomer to catalyst ratio yielded PS-PIAT polymers that were still soluble 
in a wide range of solvents after work-up.27 It was therefore decided to use this ratio as 
well, to do some first preliminary studies on the influence of block copolymerization on 
the aggregation behaviour of compounds 99A and 99B in either chloroform or 
dichloromethane. 
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4.4.2 IR, Maldi, and CD measurements on metallocene block copolymers 
 
The polymerization of 97A and 97B was followed in time by IR spectroscopy (Figure 20A 
and 20B). In both cases, the isocyanide peaks (υ = 2140 cm-1 and 2147 cm-1 respectively) 
disappeared within 5 minutes, which indicates that the reaction proceeds very rapidly. It is 
unclear if the amide bonds are located at the positions which are marked with asterisks in 
the IR spectra of Figure 20A and 20B. The vibrations of the amide bands in the IR spectra 
that were present before the polymerization started (t0), and which were found at the 
location of the asterisks are summarized in Table 4.  
 
Table 4) Selected IR data (cm-1) of the amide bands of the proposed products of the polymerization 
reaction in Figure 20A and 20B. Numbers between brackets indicate the difference in wavenumber 
(cm-1) between the products that were present after the polymerization reaction, and the 
complementary values found for the monomers at t0. All measurements were performed by taking a 
droplet from the monomeric solution, or the crude reaction mixture of the polymer solutions. * 
CDCl3. **
 CD2Cl2. 
 
 Before polymerization After polymerization 
Compound amide (I) amide (II) asterisk asterisk 
99A* 1657 1544 1621 (-36) 1501 (-43) 
99B** 1662 1538 1619 (-43) 1502 (-36) 
 
The wavenumbers in Figure 20, which are marked with an asterisk, were found at a much 
lower wavelength compared to the amide II vibrations of the copolymers studied 
previously (Table 2). Besides that, the vibrations which are marked with asterisks appear 
as small shoulder peaks, which is different compared to the copolymers studied previously 
(Figure 8 and 9). Shoulder peaks at υ = 1621 cm-1 and 1619 cm-1 have previously been 
found to originate from an imine (C=N) absorption as well.46 It remains unclear if the peaks 
at υ = 1501 cm-1 and 1502 cm-1 are indeed from amide II vibrations, therefore no 
conclusions can be drawn about the strength of the hydrogen bonds in the products that 
were formed after the polymerization reaction. The peak at υ = 2044 cm-1 (Figure 20A) and 
2047 cm-1 (Figure 20B) could be assigned to a vibration of the phenyl ring of compound 
118. It is unclear why a new peak appears at υ = 1995 cm-1 after 4 days of polymerization 
(Figure 20A), which is not present in Figure 20B. In general, it can only be concluded from 
IR spectra that isocyanides are consumed when compound 118 is added, since the 
isocyanide peak decreases in time.    
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During the polymerization reaction of compound 97A with 118, an orange compound 
precipitated from the reaction mixture, which could only be redissolved in a mixture of 
DCM/CH3CN = 9/1 (v/v). A Maldi spectrum was taken from the product (Figure 20C), which 
shows a clear difference compared to the Maldi spectrum of polystyrene (115). Besides 
the different fine structure around m/z = 5000 (Figure 20D), a regular pattern of peaks of 
about 4.6*102 mass units is present between m/z = 2000 and 4000 (top spectrum in Figure 
20C and 20D). This may indicate that indeed blockcopolymers of polystyrene and 
ferrocene-functionalized polyisocyanides were formed, since the mass of a single 
molecule of 97A is 463 Dalton. However, no higher masses were found than m/z = 5000, 
which was expected when block copolymer 99A was indeed formed. It could be that the 
polyisocyanide part and the polystyrene part of 99A is cleaved in two separate parts 
during irradiation of the high-intensity laser beam.  
 
In case of the polymerization of compound 97B with 118, a different Maldi spectrum is 
observed (Figure 20E). The individual peaks have an average mass separation of 4.7*102 
mass units, which is close to the mass of a single charged unit of 97B. The difference in the 
Maldi spectrum of Figure 20E compared to Figures 20C and 20D, could not be attributed 
to multiple charges that are present at the cobaltocenium moiety of the molecule, since 
the m/z ratio is measured. Although a mass fragment is present at m/z = 8012, this 
evidence is insufficient to conclude that block copolymer 99B is indeed formed. On the 
other hand, no Maldi spectra could be obtained for homopolymers 98A and 98B under the 
same experimental conditions, which could be an argument that the polystyrene block 
might indeed be connected to the metallocene-functionalized polyisocyanides. It could 
also be that smaller or much larger metallocene blocks were formed in the case of 98A 
and 98B, which could prevent the homopolymers from being measured by Maldi.  
 
CD spectroscopy didn’t show any signal between 260 and 350 nm (not shown). It was 
determined by Metselaar that 8 isocyanides need to be present in the polymer in order to 
measure a CD signal.47 The exact number of isocyanides units that might be attached to 
the polystyrene block remains unknown, however this result suggests that only a few units 
may be attached if indeed block copolymers were formed. From IR, CD, and Maldi 
measurements, can not be concluded that block copolymers 99A and 99B were indeed 
synthesized. No 1H-NMR spectrum was taken since 99A could only be redissolved in a 
mixture of DCM/CH3CN = 9/1 (v/v), and 99B in a mixture of DCM/CH3CN = 3/1 (v/v).  
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Figure 20) Infrared spectrum of the block copolymerization of (A) compound 97A using ≈ 0.1 eq. of 
initiator complex 118 in chloroform and (B) compound 97B using ≈ 0.1 eq. of initiator complex 118 
in dichloromethane. (C) Maldi spectrum of (proposed) compound 99A (top), 115 (middle), and 116 
(bottom). (D) Magnification of the Maldi spectrum of (proposed) compound 99A (top), 115 (middle), 
and 116 (bottom) between m/z = 4500 and 5500. (E) Maldi spectrum of (proposed) compound 99B 
(top), 115 (middle), and 116 (bottom). 
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4.4.3 CV measurements on metallocene block copolymers 
 
The products formed from the block copolymerization reactions were also characterized 
with cyclic voltammetry to show that either ferrocene or cobaltocenium moieties are 
present (Figure 21). Figure 21 shows that this is indeed the case, since the redox potential 
(E0) measured here, is at the same redox potential of ferrocene or cobaltocenium 
hexafluorophosphate in the blanks (appendix A1 and A3). Furthermore, it was found that 
the metallocenes have either an iron (II) or cobalt (III) oxidation state. This was also 
expected, since these oxidation states are most stable for these metallocenes.  
 
Figure 21) Cyclic voltammogramms of (A) proposed compound 99A, and (B) proposed compound 
99B, referenced against a 0.1 M Ag/AgNO3 electrode. A solution of 0.01 M tert-butylammonium 
iodide (TBAI) and AgI is added to the compartment of the reference electrode. Peak potentials are 
corrected against the E0 of ferrocene in the appropriate solution (99A: E0 = +780 mV, 99B: E0 = +770 
mV), and were adjusted to 0 V. Cyclic voltammetry data of ferrocene and cobaltocenium 
hexafluorophosphate in the appropriate solution are shown in appendix A1 and A3 respectively. 
 
As found previously for compounds 105 – 108 (Figure 12), and 112 – 113 (Figure 13), the 
CV’s have again an envelope shape. Although the envelope shape shows big similarities 
with the shape of ferrocene and cobaltocenium hexafluorophosphate in the blank 
experiments (appendix A1 and A3), no linear relationship is present between the 
squareroot of the scanrate and current (not shown). Although compounds 99A and 99B 
could not be purified, these results suggest that no unfunctionalized ferrocene or 
cobaltocenium hexafluorophosphate moieties are present in solution, but that the 
metallocenes are connected to a polymeric backbone. However, it can not be 
unambiguously concluded from CV that block copolymers 99A and 99B were indeed 
formed. 
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4.4.4 Aggregation behaviour of metallocene block copolymers 
 
The products formed from the block copolymerization reactions could only be dissolved in 
mixtures of dichloromethane and acetonitrile. If only one of the blocks dissolve, then 
phase separation occurs and aggregation can be induced. Besides the type of solvent, the 
method of preparation, polymer concentration, temperature, and block length to name a 
few, are other parameters which influence the aggregation behaviour.48 Here, a droplet 
was taken from the proposed dissolved block copolymers 99A and 99B in the 
corresponding DCM/CH3CN mixtures, and were brought on separate electron microscopy 
grids. The samples were allowed to dry overnight, and were then studied using SEM 
(Figure 22).     
 
Figure 22 (A – C) SEM studies of the proposed compound 99A in a solution of DCM/CH3CN = 9/1 
(v/v), measured at different locations. (D – F) SEM studies of the proposed compound 99B in a 
solution of DCM/CH3CN = 3/1 (v/v), measured at different locations. Samples were prepared from a 
≈ 6 mg/ml (99A), and ≈ 10 mg/ml (99B) polymer solution respectively (see experimental section).   
 
SEM studies reveal that polymersomes are formed in case of 99A, but a more porous 
material is formed when 99B is redissolved in a mixture of DCM/CH3CN = 3/1 (v/v). The 
difference in aggregation behaviour between 99A and 99B is not well understood. A 
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possible explanation could be that the polarity of the surrounding medium causes the 
polymersomes to change shape, since more acetonitrile was used to dissolve block 
copolymer 99B. Unfortunately, the aggregation behaviour of compound 99A in a solution 
of DCM/CH3CN = 3/1 (v/v) has not been checked. It also remains unknown if the 
polystyrene part or the polyisocyanide part of the block copolymer point towards the 
solvent, and which of the blocks are in the middle of the bilayer structure of the 
polymersome. It seems logical that the more hydrophilic metallocene units point towards 
the solvent, since these are more polar and dissolve better than the polystyrene blocks. 
On the other hand, it could also be that the polystyrene blocks form a much stiffer outer 
and inner membrane of the polymersomes compared to the polyisocyanopeptide block, 
which points the polystyrene block towards the solvent to lower the Gibbs energy. It 
seems unlikely that the polystyrene is not functionalized with metallocene-functionalized 
polyisocyanide in both cases, since the solubility properties would then have been the 
same.    
 
The conductive properties of these ferrocene-functionalized polymersomes haven’t been 
measured, but are certainly of interest to determine whether these aggregates are able to 
conduct currents. The sizes of 100 random polymersomes in the SEM samples of 
compound 99A were measured (Figure 23), which shows that the polymersomes are 
between 400 nm and 1.5 µm in size.  
 
Figure 23) Histogram of sizes measured of polymersomes 99A in a ≈ 6 mg/ml solution of 
DCM/CH3CN = 9/1 (v/v). 
 
By taking a closer look at the porous material in Figure 22F, it seems that the material 
consist of fused polymersome-like structures. No polymersomes or other aggregates were 
formed by injecting 2.0 ml of a 1.0 mg/ml solution of 99A in 8 ml of ultra-pure water (not 
shown). Although this was found to be the ideal technique to prepare reverse 
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polymersomes of PS-PIAT from THF49, this didn’t work for 99A in a mixture of DCM/CH3CN 
= 9/1 (v/v). By applying the same method for compound 99B in DCM/CH3CN = 3/1 (v/v) , 
no aggregates were formed as well (not shown). 
 
From IR, Maldi, CD, and CV studies, it can not be concluded that block copolymers 99A and 
99B were prepared. CV studies showed that metallocene units are present, which have 
either an iron (II) or cobalt (III) oxidation state. Block copolymers 99A and 99B could only 
be redissolved in mixtures of dichloromethane and acetonitrile, and were found to form 
aggregates in solution. From this it was concluded that blockcopolymers of metallocene-
functionalized polyisocyanides and polystyrene were prepared, since the solubility 
properties are different than unfunctionalized polystyrene and aggregates were formed. It 
is proposed that the polyisocyanide part is less than 8 monomeric units in length, since no 
CD signal was measured. SEM studies revealed that block copolymers of polystyrene and 
ferrocene-functionalized polyisocyanopeptides (99A) forms polymersomes, which are 
between ≈ 400 nm and 1.5 µm in size. Analogous block copolymers with cobaltocenium 
moieties form a material that seems to consist of fused polymersomes.  
 
4.5 General conclusions 
 
It was demonstrated that the silyl-protected ethynylcobaltocenium hexafluorophosphate 
salt could be used to the synthesize cobaltocenium functionalized isocyanopeptides in a 
relatively high overall yield. This underlines again the importance of this molecule as a 
possible starting point to prepare more complex cobaltocenium salts. 
 
It was concluded from CD and IR spectroscopy that no well defined polyisocyanodipeptide 
homopolymers of ferrocene (98A), or cobaltocenium (98B) could be prepared. Besides 
that, only small peak broadening was observed in the 1H-NMR spectrum for the 
polymerization of both isocyanides. This suggests that the polymers which are formed are 
very short as well. It was concluded that the charges which are present at the 
cobaltocenium moieties could not be held responsible for these results, since no charges 
are present in the ferrocene system, which has a comparable size and shape compared to 
the cobaltocenium analog. No cyclic voltammetry (CV) and structural studies (AFM, TEM 
and SEM) were performed, since the defects in these (short) polymers make it very 
unlikely that they are suitable to conduct (spin) currents very efficiently.   
 
It was concluded from CD spectra that copolymerization of ferrocene (97A) and 
cobaltocenium (97B) functionalized isocyanides with L-isocyanoalanyl-L-alanine methyl 
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ester (L,L-IAA) (104) results in well-defined helical polyisocyanopeptides (λmax ≈ 315 nm). 
IR data indicated that strong hydrogen-bonded networks are formed in the sidearms of 
the polyisocyanopeptides when these two compounds are mixed in a molar ratio of 1:50 
(108 and 112) or 1:100 (113). Molar ratios of 1:1 (105 and 109), 1:2 (106 and 110), or 1:4 
(107 and 111) resulted in much weaker hydrogen-bonded networks in the respective 
copolymers, which was concluded from the small shift in the amide II vibrations in the IR 
spectra. No explanation was found why the hydrogen bonds in the 1:1, 1:2, and 1:4 
copolymers are weaker compared to the 1:50 or 1:100 copolymers.  
 
It was furthermore shown with 1H-NMR that isocyanides 97A and 97B were not properly 
mixed with 104 (L,L-IAA) to the intended molar ratios of 1:1, 1:2 or 1:4. This is attributed 
to the poor solubility of the isocyanides in chloroform and dichloromethane respectively. 
No molar ratios could be determined for the 1:50 and 1:100 molar ratios for both 
ferrocene and cobaltocenium copolymers, since no protons of compound 104 (L,L,IAA) 
were visible in the 1H-NMR spectrum. In case of cobaltocenium isocyanide 97B, it was 
found that DMF and acetonitrile were formed as side products. No reaction mechanism 
was found to explain the formation of these side products, but it is known that DMF and 
acetonitrile deactivate the nickel (II) catalyst, which explains the slow polymerization of 
copolymers 109 – 111. Cyclic voltammetry studies confirmed that ferrocene moieties are 
present in copolymers 105 – 108, which have an iron (II) oxidation state. It can not be 
concluded that cobaltocenium moieties are present in copolymers 112 and 113, but the 
fact that no linear relationship is present between the current and the squareroot of the 
scanspeed in Figure 13 suggests that cobaltocenium hexafluorophosphate is not free in 
solution as well. Other copolymers could not be studied, since these didn’t precipitate 
(107), or could not be redissolved in dichloromethane anymore (109 – 111).  
 
The results for the metallocene copolymers are different compared to the ferrocene and 
cobaltocenium homopolymers 98A and 98B respectively. No well-defined metallocene 
homopolymers were obtained. Although the size of the ferrocene and cobaltocenium 
moiety is comparable (≈ 3.6 Å x 3.6 Å33), and smaller than the calculated average spacing 
of 4.7 Å spacing between the side chains of L,L-PIAA21, it is possible that steric hindrance is 
responsible for this difference. Charges are considered to have no influence, since the 
ferrocene homopolymer is neutral. In both the cobaltocenium homopolymer and 
copolymer system, it was not determined whether hexafluorophosphate counterions are 
present.  
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AFM studies showed that ferrocene polyisocyanopeptides 105, 106 and 108 are between 
≈ 100 and 400 nm in size, while micrometer-long networks were found for cobaltocenium 
copolymers 112 and 113. This difference in morphology was attributed to the nature of 
the metallocene moiety which is present in these copolymers. These networks were 
studied in more detail with TEM and SEM, and it appeared that both needle-like structures 
and macroscopic networks were present. It was found that the amount of cobaltocenium 
moieties that are present in the copolymers is of influence on the thickness of the 
individual bundles that form the network. The bundles are more uniform in thickness 
when less cobaltocenium moieties are present in the copolymers. It is proposed that the 
amount of charges that are present in the copolymers (compound 112 or 113) plays a very 
important role, since no aggregates were formed for the complementary ferrocene 
copolymers (108). No needles and networks were found when compounds 112 and 113 
were precipitated in ultra-pure water. It is proposed that water shells are formed around 
the individual charged polymer strands in water, which prevents or distorts the 
organization of these polyisocyanides into macroscopic ionic networks. 
 
Block copolymers 99A and 99B were prepared in order to construct polymersomes that 
have the ability to transport electrons via the metallocene units that are present in the 
outer layer of these aggregates. It is proposed that the metallocene units will be organized 
in close enough proximity to facilitate electron transport the same way as in the case of 
metallocene-functionalized dendrimers.18 From IR, Maldi, CD, and CV studies, it can not be 
concluded that block copolymers 99A and 99B were prepared, but these labels are used 
throughout the text for convenience. CV studies showed that metallocene units are 
present, which have either an iron (II) or cobalt (III) oxidation state. Block copolymers 99A 
and 99B could only be redissolved in mixtures of dichloromethane and acetonitrile, and 
were found to form aggregates in solution. From this it was concluded that 
blockcopolymers of metallocene-functionalized polyisocyanides and polystyrene were 
prepared, since the solubility properties are different than unfunctionalized polystyrene 
and aggregates were formed. It is proposed that the polyisocyanide part is less than 8 
monomeric units in length, since no CD signal was measured. SEM studies revealed that 
block copolymers of polystyrene and ferrocene-functionalized polyisocyanopeptides (99A) 
forms polymersomes, which are between 400 nm and 1.5 µm in size. Analogous block 
copolymers with cobaltocenium moieties form a material that seems to consist of fused 
polymersomes. It was not determined whether hexafluorophosphate counterions were 
present. The conductive properties of the ferrocene-functionalized polymersomes haven’t 
been measured, but it is certainly of interest to determine whether these aggregates are 
able to conduct currents.    
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4.6 Experimental 
 
Unless stated otherwise, all solvents were dried and distilled before use and all 
procedures were carried out under an argon atmosphere with standard Schlenk 
techniques. Silica gel (0.040-0.063 mesh Silicycle) or basic aluminium oxide (Brockmann 
grade III) was used for column chromatography. Ultrasonication was performed with a 
VWR USC300T apparatus. 1H NMR, 13C NMR, gDQCOSY and gHSQC spectra were recorded 
on a Bruker DPX200, Bruker DMX 300 or Varian Inova 400 instrument at room 
temperature and calibrated using tetramethylsilane as internal standard. Abbreviations 
used are: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, pseudo-t = pseudo 
triplet, br = broad. UV-Vis spectra were recorded on a Perkin-Elmer Lambda 2 UV/VIS 
spectrophotometer. Infrared spectra (IR) were recorded on a Thermo Mattson IR 300 
spectrometer (liquid) or a Bruker Tensor 27 (KBr) instrument. Electron spray ionisation 
mass spectrometry (ESI-MS) measurements were performed on a Finnigan Surveyor 
instrument. High resolution mass spectrometry (HRMS) measurements were recorded on 
a JEOL Accutof CS instrument with polyethylene glycol as internal reference. All 1H-NMR 
spectra for the polymerization reactions were measured by using relaxation times up to 5 
seconds in combination with 16 scans, but this didn’t increase the signal strength. More 
scans would cost to much time to study the polymers after 30 minutes. 
 
Cyclic voltammetry experiments were carried out using a PG stat 100 system. 
Measurements with scan rates between 0.01 and 0.5 V/s were recorded in Autolab GPES 
software. For all measurements, a three electrode configuration were used: a platinum 
disc counter electrode, a 3 mm platinum working electrode and a 0.1 M Ag/AgNO3 
reference electrode (unless stated otherwise). All potentials were calibrated against the 
formal potential of the ferrocene/ferrocenium couple in the appropriate solvent and 
contained 0.1 M of n-tetrabutylammonium hexafluorophosphate (TBAH) as supporting 
electrolyte. All CV scans were measured in threefold in a small ≈ 4 ml electrochemical cell. 
 
Samples for AFM were prepared by spincoating (3000 rpm) 3 drops of sample (≈ 10 mg/L) 
on a freshly cleaved surface of mica. The samples were left to dry overnight before being 
studied. 
 
Samples for TEM and SEM were prepared by drying a droplet of the dispersion on a 
carbon-coated copper grid. The samples were left to dry for a day before being studied. A 
2 nanometer layer of gold was sputtered on the SEM samples before being studied, using 
a Cressington 208 HR sputter coater fitted with a Cressington layer thickness controller. 
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Preparation of stock solutions  
 
Different stock solutions were prepared for the nickel (II) catalysts (stock I and II) and 
monomers (stock A – D) used in all polymerization experiments. To a stirred solution of 
126 mg (0.345 mmol) Ni(ClO4)2*6H2O (stock I) or 192 mg (0.325 mmol) of 
(tBuNC)4Ni(ClO4)2 (stock II) in 99 ml of dichloromethane was added 1 ml of ethanol. 
  
Stock A was prepared by adding 57 mg (0.12 mmol) of compound 97A to 2.9 ml of 
deuterated chloroform. The orange solution was stirred for 30 minutes. 
 
Stock B was prepared by adding 89 mg (0.15 mmol) of compound 97B to 3.4 ml of 
deuterated dichloromethane. The orange solution was stirred for 2 hours and sonicated a 
few times until all monomer appeared to be dissolved. 
 
Stock C was prepared by adding 24 mg (130 µmol) of compound 104 (L,L-IAA) to 2.4 ml of 
deuterated chloroform. The colorless solution was stirred for 5 minutes. 
 
Stock D was prepared by adding 60 mg (326 µmol) of compound 104 (L,L-IAA) to 6.0 ml of 
deuterated dichloromethane. The colorless solution was stirred for 5 minutes. 
 
Compound 103A  
 
To a stirring solution of 150 ml dry oxygen-free 
THF (three consecutive freeze-pump-thaw 
cycles) in a 250 ml flame-dried degassed 
Schlenk flask was added: 309 mg (1.1 mmol) of 
102 and 240 mg (1.1 mmol) of ethynylferrocene. To a separate 25 ml Schlenk flask was 
added: 156 mg (0.82 mmol) of copper (I) iodide. After degassing for 1 hour, 10 ml of dry 
oxygen-free THF (three consecutive freeze-pump-thaw cycles) and 158 μl (134 mg, 0.77 
mmol) of N,N,N’,N’,N”-pentamethyldiethylenetriamine (PMDTA) were added to the 25 ml 
Schlenk flask. After stirring for 10 minutes, 6 ml of the copper (I) solution was added to the 
250 ml Schlenk flask. After stirring for 3 days, the reaction mixture was concentrated by 
evaporating the solvent under reduced pressure and the crude reaction mixture was 
brought on a silica column (eluent: CH2Cl2/MeOH = 95/5 (v/v)). After an initial yellow 
band, the title compound eluted as an orange band and was isolated as an orange solid in 
62% yield (338 mg, 0.70 mmol). 
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1H-NMR (DMSO-d6, δ (ppm), 400 MHz): 1.17 (m, 6H, 2x CH3), 1.93 (k, 2H, CH2, J = 6.6 Hz), 3.02 (k, 2H, 
CH2NH, J = 6.4 Hz), 4.00 (s, 5H, C5H5-Fe), 4.19 (k, 1H, CH, J = 7.0 Hz), 4.30 (m, 5H, CH2N + CH + C5H4-
Fe), 4.65 (s, 2H, C5H4-Fe), 7.85 (t, 1H, NH-CH2, J = 5.9 Hz), 7.93 (s, 1H, H-C=O), 8.04 (d, 1H, NH, J = 7.1 
Hz), 8.08 (s, 1H, CH=C), 8.24 (d, 1H, NH-COH, J = 7.9 Hz). 13C-NMR (DMSO-d6, δ (ppm), 300 MHz): 
18.0, 18.3, 29.7, 35.6, 46.9, 48.4, 66.3, 68.2, 69.2, 120.7, 160.9, 170.3, 171.5, 172.1. IR (KBr, cm-1): 
3265, 3090, 2972, 2931, 2863, 2102, 1636 (amide I), 1557 (amide II), 1443, 1378, 1223, 1153, 1105, 
1053, 815. UV-vis (DMSO) λ/nm (log ε/M-1 cm-1): 443 (2.1). [α]D (DMSO, c = 10.4 mg/ml) = -17o. ESI: 
m/z calculated for C22H29FeN6O3 [M+H]
+: 481.2, found: 481.5. 
 
Compound 97A  
 
To a 250 ml flame-dried Schlenk flask was added: 
203 mg (0.42 mmol) of 103A in 100 ml of dry 
oxygen-free dichloromethane (3 consecutive 
freeze-pump-thaw cycles). The solution was cooled to -30oC (CO2/acetone) and 115 μl 
(107 mg, 1.1 mmol) of N-methylmorpholine (NMM) was added. The Schlenk flask was 
then equipped with a flame-dried dropping funnel containing a solution of 26 μl (42 mg, 
0.21 mmol) diphosgene in 10 ml of dry dichloromethane. The contents was added 
dropwise to the reaction mixture over a period of 30 minutes. After complete addition, 
the reaction mixture was warmed to 0oC and stirred for another 30 minutes. Then, 2 ml 
(2.4 mmol) of a 10% sodium bicarbonate solution in water was added to the yellowish 
reaction mixture and was vigorously stirred for another 10 minutes. The reaction mixture 
was evaporated to dryness under reduced pressure and the remaining yellowish solid was 
brought on a silica column (eluent: CHCl3/MeOH = 97/3 (v/v), height ≈ 40 cm). The title 
compound eluted as an orange band and was isolated after three separate columns as an 
orange solid in 20% yield (39 mg, 84 µmol). 
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): 1.44 (d, 3H, CH3, J = 7.0 Hz), 1.66 (d, 3H, CH3, J = 7.1 Hz), 2.15 (k, 
2H, CH2, J = 6.4 Hz), 3.30 (k, 2H, CH2NH, J = 6.3 Hz), 4.08 (s, 5H, C5H5-Fe), 4.28 – 4.36 (m, 3H, C5H4-Fe 
+ CH), 4.36 – 4.45 (m, 3H, CH + CH2N), 4.71 (m, 2H, C5H4-Fe), 6.52 (t, 1H, NH-CH2, J = 6.0 Hz), 7.02 (d, 
1H, NH, J = 6.8 Hz), 7.52 (s, 1H, CH=C). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 18.3, 19.5, 29.7, 47.5, 
49.6, 66.6, 68.7, 69.5, 119.2, 166.1. IR (liquid, cm-1): 3297, 3092, 2928, 2141 (CN), 1659 (amide I), 
1548 (amide II), 1530, 1443,1223, 1105, 1053, 912, 878, 820, 730. UV-vis (CH2Cl2) λ/nm (log ε/M-1 
cm-1): 442 (2.2). [α]D (CH2Cl2, c = 8.2 mg/ml) = -2o. ESI: m/z calculated for C22H27FeN6O2 [M+H]+: 
463.2, found: 463.5. 
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Compound 103B  
 
To a 100 ml flame-dried Schlenk flask 
was added: 202 mg (0.75 mmol) of 102, 
362 mg (0.84 mmol) of 
trimethylsilylethynyl cobaltocenium hexafluorophosphate and 30 mg (0.16 mmol) of 
copper (I) iodide. After degassing for 1 hour, 40 ml of dry oxygen-free acetonitrile (3 
consecutive freeze-pump-thaw cycles) was added and the solution was stirred for 5 
minutes under an argon atmosphere. In a second step, 1.00 gram (7.3 mmol) of potassium 
carbonate (anhydrous) was added to the dark reddish reaction mixture. An immediate 
color change from red to brownish appeared, and after 1 day the solvent was removed by 
evaporating the reaction mixture to dryness under reduced pressure. The crude reaction 
mixture was taken up in a small amount of acetonitrile and was brought on an aluminium 
oxide column (basic, grade III, height ≈ 30 cm, eluent: CHCl3/MeOH = 95/5 (v/v)). After a 
small brownish band, the title compound eluted as a yellow band and was isolated as a 
yellowish powder in 68% yield (319 mg, 0.51 mmol). 
 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 1.32 (d, 3H, CH3, J = 7.2 Hz), 1.35 (d, 3H, CH3, J = 7.2 Hz), 2.12 
(k, 2H, CH2, J = 6.6 Hz), 3.13 (m, 2H, NH-CH2), 4.19 (k, 1H, CH, J = 7.1 Hz), 4.28 (k, 1H, CH, J = 7.4 Hz), 
4.44 (t, 2H, N-CH2, J = 6.8 Hz), 5.55 (s, 5H, C5H5-Co), 5.74 (t, 2H, C5H4-Co, J = 2.1 Hz), 6.20 (m, 2H, 
C5H4-Co), 6.84 (br s, 1H, NH), 6.98 (br s, 1H, NH-COH ), 8.15 (s, 1H, CH=C), 8.27 (s, 1H, H-C=O). 
13C-
NMR (CD3CN, δ (ppm), 300 MHz): 18.4, 18.5, 30.8, 36.9, 48.9, 50.4, 51.2, 82.2, 85.8, 87.5, 126.7, 
163.8, 174.1. IR (cm-1): 3419, 3307, 3124, 2927, 2854, 1661 (amide I), 1532 (amide II), 1449, 1418, 
1384, 1232, 1104, 1050, 839, 558. UV-vis (CH3CN) λ/nm (log ε/M-1 cm-1): 229 (4.3), 284 (4.3), 350 
(3.8). [α]D (DMSO, c = 12.2 mg/ml) = -17o. HRMS: m/z calculated for [C22H28CoN6O3]+: 483.1555, 
found: 483.1540. 
 
Compound 97B 
 
To a 50 ml flame-dried Schlenk flask was 
added: 143 mg (0.23 mmol) of 103B in 30 
ml of dry oxygen-free acetonitrile (3 
consecutive freeze-pump-thaw cycles). The solution was cooled to -30oC (CO2/acetone) 
and 63 µl (58 mg, 0.57 mmol) of N-methylmorpholine (NMM) was added. The Schlenk 
flask was then equipped with a flame-dried dropping funnel containing a solution of 13.7 
µl (23 mg, 0.11 mmol) diphosgene in 5 ml acetonitrile. The contents was added dropwise 
to the reaction mixture over a period of 45 minutes. After complete addition, the reaction 
mixture was warmed to 0oC and stirred for another 30 minutes. Then, 0.2 ml (0.24 mmol) 
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of a 10% sodium bicarbonate solution in water was added to the orange reaction mixture 
and was stirred vigorously for 10 minutes. The crude reaction mixture was concentrated 
by removing acetonitrile under reduced pressure and the contents was brought on an 
aluminium oxide column (basic, grade III, height ≈ 5 cm, eluent: acetonitrile). The title 
compound eluted as a broad yellow band and was isolated as an orange solid in 82% yield 
(114 mg, 0.19 mmol). 
 
1H-NMR (CD2Cl2, δ (ppm), 400 MHz): 1.40 (m, 3H, CH3), 1.60 (d, 3H, CH3, J = 7.0 Hz), 2.20 (m, 2H, 
CH2), 3.23 (m, 2H, NH-CH2), 4.35 (m, 2H, 2x CH), 4.44 (m, 2H, N-CH2), 5.55 (s, 5H, C5H5-Co), 5.69 (m, 
2H, C5H4-Co), 6.27 (m, 2H, C5H4-Co), 6.52 (br, 1H, NH-CH2), 7.03 (br, 1H, NH-CH ), 8.28 (s, 1H, CH=C). 
1H-NMR (CD3CN, δ (ppm), 400 MHz): 1.34 (m, 3H, CH3), 1.55 (d, 3H, CH3, J = 7.0 Hz), 2.11 (m, 2H, 
CH2), 3.19 (m, 2H, NH-CH2), 4.23 (m, 1H, CH), 4.41 (m, 3H, N-CH2 + CH-NC), 5.54 (s, 5H, C5H5-Co), 
5.75 (m, 2H, C5H4-Co), 6.19 (m, 2H, C5H4-Co), 6.72 (br s, 1H, NH-CH2), 7.09 (br s, 1H, NH-CH ), 8.21 (s, 
1H, CH=C). 13C-NMR (CD3CN, δ (ppm), 300 MHz): 18.2 (CH3), 20.1 (CH3), 30.4 (CH2), 36.5 (CH2-NH), 
48.5 (N-CH2), 50.6 (CH), 53.8 (CH-NC), 81.6 (C5H4-Co), 85.2 (C5H4-Co), 86.8 (C5H5-Co), 125.6 (CH=C), 
172.9 (C=O). IR (liquid (CH3CN), cm
-1): 3411, 3120, 2988, 2942, 2260, 2143 (CN), 1664 (amide I), 1539 
(amide II), 1450, 1418, 1233, 838, 558. UV-vis (CH3CN) λ/nm (log ε/M-1 cm-1): 283 (4.5), 351 (3.9). 
[α]D (CD3CN, c = 11.0 mg/ml) = -10o. HRMS: m/z calculated for [C22H26CoN6O2]+: 465.1449, found: 
465.1431. 
 
Polymerization experiments: 
 
Compounds (98A, 104 – 108) 
 
Samples for the different polymerization experiments were prepared according to the 
table below in a NMR tube. 
 
Compound 
Stock I
(µL) 
Stock II
(µL) 
Stock A
(µL) 
Stock C
(µL) 
CDCl3 
(µL) 
98A (c1) 100 1000
98A (c2) 100 1000
105 (1:1) 100 500 400 100 
106 (1:2) 75 250 400 350 
107 (1:4) 60 125 400 475 
108 (1:100) 50 5 400 595 
104 (L,L-IAA) 100 800 200 
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Compounds (98B, 104, and 109 – 113) 
 
Samples for the different polymerization experiments were prepared according to the 
table below in a NMR tube. 
 
Compound 
Stock I
(µL) 
Stock II 
(µL) 
Stock B
(µL) 
Stock D
(µL) 
CD2Cl2 
(µL) 
98B (c1) 100 1000
98B (c2) 100 1000
109 (1:1) 100 500 400 100 
110 (1:2) 75 250 400 350 
111 (1:4) 60 125 400 475 
112 (1:50) 50 10 400 590 
113 (1:100) 50 5 400 595 
104 (L,L-IAA) 100 800 200 
 
Compound 116 
 
To a 100 ml flask was added 574 mg (0.12 mmol) of 115 and 
50 ml of a EtOAc/HCl solution. After stirring for 2 hours, the 
reaction mixture was co-evaporated a few times with tert-
butanol to remove the excess of HCl. An off-white solid was 
obtained in quantitative yield.  
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): 1.3 – 1.7 (br, CH2CHPh), 1.7 – 2.0 (br, CHPh), 3.0 – 3.1 (br, (CH2)4, 
6.3 -7.2 (br, Ph). IR (liquid (CDCl3), cm
-1): 3025, 2923, 1722, 1601, 1492, 1452, 909, 757, 733, 698, 
540. 
 
Compound 118 
 
To a stirring solution of 154 mg (≈ 30 µmol) 
of 116 in 5 ml of dry oxygen-free 
dichloromethane, was added a solution of 
28 mg (47 µmol) of 117 in 15 ml of dry 
oxygen-free dichloromethane. The mixture 
turned orange immediately, and the reaction mixture was evaporated to dryness after 
stirring for 2 hours.  
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1H-NMR (CDCl3, δ (ppm), 400 MHz): 1.3 – 1.7 (br, CH2CHPh), 1.54 (s, C(CH3)3), 1.7 – 2.0 (br, CHPh), 
3.5 (br s, (CH2)4, 6.3 -7.2 (br, Ph). IR (KBr, cm
-1): 3023, 2925, 1653, 1561, 1491, 1452, 1383, 1097, 
759, 699.  
 
Compound 99A 
 
To a stirring solution of 14 mg (2.5 µmol) 
of 118 in 1 ml of dry oxygen-free 
chloroform, was added a solution of 11 
mg (24 µmol) of 97A in chloroform. The 
reaction was stopped after 4 days by 
removing the solvent under reduced 
pressure. The orange polymer was 
redissolved in a mixture of DCM/MeOH = 
4/1 (v/v) to prepare electron microscopy 
samples. For CV experiments, the polymer was dissolved in a solution of DCM/CH3CN = 
9/1 (v/v). 
 
Compound 99B 
 
To a stirring solution of 9 mg (1.7 
µmol) of 118 in 1 ml of dry oxygen-
free dichloromethane, was added 
a solution of 10 mg (16 µmol) of 
97B in dichloromethane. The 
polymer precipitated from the 
solution during the 
polymerization, and the reaction 
was stopped after 4 days by 
removing the solvent under reduced pressure. The orange polymer could only be 
redissolved in a mixture of DCM/CH3CN = 3/1 (v/v) to prepare electron microscopy 
samples. This polymer solution was also used for CV experiments. 
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Chapter 5 
 
 
Adsorption and conformation of tetraphenyl 
porphyrins on metallic surfaces 
 
 
 
5.1 Introduction 
 
The presence of (metallated) porphyrins in many biological processes in Nature1-10, 
inspired researchers to tailor the physical and chemical properties of these compounds at 
the molecular level. This has been subject of considerable academic research that has 
expanded into areas such as: non-linear optics11, catalysis12,13, and photovoltaics14-16. An 
important goal in future nanoelectronics is to decrease the size of electronic circuits and 
other electronic elements to molecular sizes, to use single molecules as isolated functional 
entities to perform logic operations.17  
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For future electronics, a better understanding of the mobility and interactions between 
chromophores, such as porphyrins, and metallic surfaces is needed.18 Low-temperature 
scanning tunnelling microscopy (STM) experiments provide information about the 
electronic structure of the molecules that are studied. However, the main problem for 
implementing self-assembled nanoarchitectures in working devices is the structural 
control in their preparation.19  
 
In the present work, different (substituted) tetraphenyl porphyrin (TPP) molecules were 
prepared by the Nijmegen group. The electronic and conformational properties of isolated 
porphyrins on copper surfaces were studied at 20 K by using ultra high-vacuum scanning 
tunneling microscopy (UHV-STM) in the group of Prof. Wiesendanger (University of 
Hamburg). Furthermore, larger assemblies of these porphyrins were studied as well. These 
results were compared with 3D molecular modelling simulations, to investigate if these 
models can accurately predict the experimental findings. This is important, since computer 
models may accurately predict in the (near) future which molecules need to be 
synthesized for a specific device. Instead of trial-and-error, this should lead to a higher 
efficiency of synthesizing the required molecules.    
 
In the second part of this chapter, sulfur-functionalized porphyrins were used to coat gold 
nanoparticles. Inspired by the work of Kanehara20 who coated free-base porphyrins onto 
gold nanoparticles, it was attempted to translate this work into a new type of molecular 
magnet by implementing metal ions in the porphyrin cavity (Figure 1). This is further 
explained in paragraph 5.4.  
 
Figure 1) Schematic representation of a gold nanoparticle, which is coated with sulfur-functionalized 
metalloporphyrins.  
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5.2 Synthesis of tetraphenyl porphyrins  
 
Free base TPP’s21 (119 – 121), bromo functionalized TPP’s (TBrPP)22 (122 – 123), and para 
substituted thiomethyl functionalized TPP (TMeSPP)23 (124) were synthesized and purified 
according to literature procedures (Chart 1).  
 
Chart 1) Substituted tetraphenyl porphyrin (TPP) molecules. The isolated yield of the different 
compounds is indicated between brackets. * Compound 121 was synthesized by Bröring et al. 
 
Although the yields obtained for porphyrins 119, 122 and 124 appear to be very low (< 
20%), this is common for the synthesis of free base porphyrins due to many side products 
(mainly pyrrole oligomers) that are formed during the reaction. Moderate yields were 
obtained by metallation of the porphyrins with cobalt (120 and 123) and copper (121). 
Although 3 eq. of cobalt (II) acetate or 5 eq. of copper (II) acetate were added to a solution 
of the corresponding free base porphyrins, it is unclear why no higher yields were 
obtained. It is worthy to note that the para substituted thiomethyl functionalized TPP 
(TMeSPP) molecules (124), could not be purified by column chromatography with the 
conditions used in the work of Drain.23 Compound 124 remained on the top of the silica 
column and all side products eluted. The purple product was isolated from the silica plug 
by Soxhlet extraction for 5 days in dichloromethane. Asymmetric bromo functionalized 
TPP’s 125 and 126 were prepared as well, since these were requested for STM 
experiments. These haven’t been studied yet.  
 
5.3 Adsorption and conformation of TPP molecules on metallic surfaces 
 
It is believed that substituents on the phenyl rings of TPP influence both shape and 
structure of the porphyrin core (flat vs saddle conformation) on metallic surfaces.18 
Tetraphenyl porphyrins are known to adsorb in three different configurations on the 
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underlying metallic substrate (S1 – S3). Structure S1 is the most commonly observed 
conformation for TPP molecules (Figure 2, left). Here, the phenyl legs are tilted by ≈ 50o 
with respect to the porphyrin plane which stabilizes the porphyrin core into a saddle 
conformation. The two adjacent pyrrolic units point upwards and the other two point 
downwards to the metal surface with an angle of ≈ 10o. For structure S2, the shape has a 
lower height compared to S1. It is believed that the phenyl legs are almost parallel to the 
surface, and that two of the pyrrole units are bent slightly upwards into a saddle 
conformation to reduce the steric hindrance (Figure 2, middle).24 In structure S3, the 
phenyl legs are oriented almost perpendicular (∠	≈ 90o) to the surface where a fourfold 
symmetry (C4) is present (Figure 2, right).
25,26 
 
Figure 2) Schematic picture of the top and side view of the conformation of a TPP molecule (S1 – S3) 
on a metallic substrate (grey). The black dots in structure S1 represent the sides of the phenyl groups 
that point away from the surface.  
 
5.3.1 STM studies on isolated porphyrin structures 
 
Tetraphenyl porphyrin molecules 120, 121, 123 and 124 were first deposited on cold (20 K 
– 30 K) copper surfaces with different crystallopgraphic axes, to study their conformation 
and molecular orientation with ultra-high vacuum STM (UHV-STM) at ≈ 25 K.27,28 The exact 
orientation of the surfaces were determined with atomically resolved STM (not shown). 
On Cu(111), all molecules adsorb in a saddle configuration (S1), except TMeSPP (124) 
which adopts a S2 conformation. It is assumed that the sulfur atoms are responsible for an 
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increased interaction with the surface29, which coordinate to metallic surfaces and bends 
the phenyl legs almost parallel to the surface.  
 
Figure 3 shows some examples of STM images of the conformation of compounds 120 and 
123 on different copper surfaces. Structure S1 is recognized by two prominent maxima 
when tunneling out of occupied states (Figure 3A and 3C), which originate from the 3d 
states of the central ion30-32. When tunneling into unoccupied states (positive bias 
voltage), protrusions are visible at the positions of the methine bridges (Figure 3B and 3D). 
Besides that, it seems that the porphyrin molecules change their shape from a rectangular 
to a more square-like conformation. Molecular switching of single molecules by STM is 
well known in literature33, however it was reported by Brede et al.27 that a bias voltage of 
2.5 V is needed to manipulate the conformation of these porphyrin molecules. The effect 
shown here is attributed to tunneling into HOMO or LUMO states.27 For structure S3, the 
porphyrin core is lifted (no saddle) and a fourfold (C4) symmetric shape appears (Figure 
3E).  
 
Figure 3 (A-E) STM images of the observed conformations (S1, S2 and S3) for compounds 120 and 123 
on Cu(111) and Cu(100) surfaces.27 Positive bias voltages refer to tunneling into unoccupied sample 
states, and negative bias voltages to tunneling out of occupied sample states respectively. The 
mirror plane (dashed) denotes the plane in the TPP molecule perpendicular to the surface. 
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In general, it can be concluded that substituents on the phenyl rings of the porphyrins 
have a significant influence on the conformation and orientation of the porphyrins with 
respect to the underlying copper substrate. Introducing bromine atoms at the para 
positions of the phenyl rings causes the porphyrin core to adopt a S1 or S3 configuration, 
which lifts the porphyrin core away from the surface to minimize the steric hindrance 
between the phenyl rings and the pyrrole units in the porphyrin macrocycle. In case of 
thiomethyl (SMe) substituents, the sulfur atoms interact with the copper substrate, which 
flattens the porphyrin in a S2 configuration. Although severe steric hindrance is present 
between the phenyl rings and the pyrrole units in the porphyrin macrocycle in the S2 
configuration, it seems to be energetically more favourable for the sulfur atoms at the 
phenyl rings to interact with the copper surface.  
 
5.3.2 STM studies on clusters of Co-TPP 
 
The self-assembly of molecular building blocks on crystalline surfaces into highly-ordered 
nanostructures is the next step in creating devices with outstanding properties.34-36 
Molecular clusters of CoTPP (120) were prepared by heating the STM samples initially to 
room temperature to induce the mobility of the molecules. These were then cooled to ≈ 
25 K to study the samples (Figure 4A).28  
 
The Co-TPP porphyrin shows a molecular alignment with high periodicity. Numerical 
simulations calculated that the phenyl rings orient themselves in a T-shaped 
arrangement37,38 on the surface (Figure 4B). Although no cobalt atom is present in the 
porphyrin core of this simulation, it was found that the simulation reflects the same tilting 
of the molecular axes, the same unit cell, as well as the same arrangement of molecules 
relative to each other. It was concluded from these results that the T-shaped arrangement 
explains the periodic structures that are found in Figure 4A. 
 
Compared to Co-TPP (Figure 4C), no molecular islands were formed when TMeSPP was 
deposited on Au(111). This is attributed to the fact that the phenyl rings are aligned 
parallel to the surface, therefore no T-shaped arrangement is possible between individual 
porphyrin molecules which have a S2 conformation. Although sufficient thermal energy 
was present to form clusters, it was shown that these molecules rather decorate the step 
edges of the gold surface (Figure 4D). Unfortunately, these experiments were not 
repeated on Cu(111) and Cu(100) surfaces as well, to exclude that only the gold substrate 
is responsible for these results. 
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Figure 4 (A) CoTPP (120) on Au(111) for negative and positive bias. A defect in the molecular island 
serves as a marker (black arrow). Inset shows the protrusions of the four phenyl legs. (B) Numerical 
simulation of TPP (119). (C) CoTPP (120) forms molecular islands, whereas TMeSPP (124) molecules 
(left side of this figure) remain isolated. The molecules were deposited at room temperature and 
were measured at ≈ 25 K. (D) Step edge of Au(111) is decorated with TMeSPP molecules. The 
molecules were deposited at room temperature and were measured at ≈ 25 K.  
 
In general, it can be concluded that Co-TPP (120) forms regular shaped molecular islands 
on a Au(111) surface when sufficient thermal energy is present. This is caused by the T-
shaped arrangement of the individual phenyl legs of the porphyrins with its neighbours, 
which is supported by numerical simulations. No such an arrangement is present for 
TMeSPP (124), which is caused by the phenyl legs that are aligned parallel to the gold 
surface. Therefore, no T-shaped arrangement is possible for these molecules. These 
experiments also show that the modelling studies on the conformation of TPP (119) on 
copper surfaces were very accurate compared to the experimental findings. This is 
important, since modelling studies may be used in the (near) future to predict which 
porphyrins are of interest to build a specific self-assembled nanoelectronic device. 
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5.4 Towards porphyrin-based molecular magnets 
 
Inspired by the work of Kanehara20 who coated free base porphyrins onto gold 
nanoparticles, it was attempted to translate this work into a new type of molecular 
magnet. Coating metallated porphyrins on the surface of gold nanoparticles, may lead to 
nanoparticles with magnetic properties (Figure 5).  
 
Figure 5) Schematic representation of a gold nanoparticle, which is coated with sulfur-functionalized 
metalloporphyrins.  
 
Unlike conventional molecular magnets, such as the Mn4 cluster (Chapter 1, Figure 9), the 
organic framework which links the individual metal atoms to each other is now replaced 
with a gold nanoparticle. If the metal atoms in the porphyrin core are in close enough 
proximity to the gold surface, electronic communication between the different metal 
centres may be present due to the conductive gold core.39 On the other hand, introducing 
conjugated anchor groups that link the porphyrins to the gold surface may provide 
another conductive pathway as well. The main advantage of this concept is that it should 
be possible to modify and steer the electronic structure of these nanoparticles much 
easier in comparison with conventional magnetic clusters. Introducing other coordinating 
ligands in the Mn4 cluster for instance, may result in severe difficulties upon 
recrystallization. In case of coated gold nanoparticles a solid is being measured. Different 
metal ions can be introduced in the porphyrin, and the desired substituents can be 
attached to the phenyl rings to change its physical properties.   
 
5.5 Synthesis of sulfur functionalized tetraphenyl porphyrins 
 
At first, thioacetyl porphyrin 129 was prepared according to the work of Kanehara 
(Scheme 1).20 A 200 ml solution of 10.3 g (42.7 mmol) of Na2S*9 H2O in dimethylacetamide 
(DMAc) was heated to 85oC in a three-necked flask, and was stirred until everything was 
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dissolved. Then, 5.0 g (35.6 mmol) of 2-chlorobenzaldehyde (127) was added to the 
reaction mixture, which was continued to stir for another 30 minutes at 85oC. The mixture 
was cooled for 5 minutes in an ice-bath, and 5.0 ml (53.4 mmol) of acetic anhydride was 
added dropwise to the reaction mixture using a syringe. The off-white contents in the 
reaction mixture was filtered off to remove the salts that were formed during the 
reaction, and the filtrate was subsequently washed a couple of times with 
dichloromethane. The filtrate was collected and the contents was evaporated to dryness. 
A brownish oil remained, which was brought on a silica column (eluent: heptane/EtoAc = 
70/30 (v/v)). The product eluted as a broad brownish band from the column, and the 
desired product (128) was isolated after 2 more columns as a brownish oil in 41% yield 
(2.61 g). The mobility of compound 128 in the column was found to very low, in some 
occasions the product remained stuck on the column. Although this has not been 
attempted, using bulb-to-bulb distillation might be a good alternative to purify the 
compound. Then, compound 128 and pyrrole were reacted in an equimolar amount with 
TFA in dichloromethane. After 1 hour, 2,3,5,6-tetrachlorocyclohexa-2,5-diene-1,4-dione 
(chloranil) was added to oxidize the resulting porphyrinogen to porphyrin 129. After work 
up, porphyrin 129 was isolated after 3 more columns as a purple solid in 4% yield (124 
mg). 
 
Scheme 1) Synthetic route towards compound 130. Reagents and conditions used: (a) step 1) 1.2 eq. 
Na2S*9 H2O, 1 eq. 2-chlorobenzaldehyde (127), DMAc, 85
oC, stirred for 30 min., Ar. step 2) Cool to 
4oC. step 3) 1.5 eq. acetic anhydride, 41% yield. (b) step 1) 1 eq. compound 10, 1 eq. pyrrole, 1 eq. 
TFA, CH2Cl2, r.t., stirred for 1 h., air. step 2) 0.8 eq. chloranil, reflux, stirred for 45 min., air. step 3) 
10% Na2CO3 (w/v) solution, stirred for 10 min., air, 4% yield. (c1) 10 eq. Co(OAc)2*4 H2O, CH2Cl2, 
40oC, stirred for 2h, Ar. (c2) 20 eq. Co(OAc)2*4 H2O, DMF, 140
oC, stirred overnight, Ar. 
 
To incorporate cobalt in the porphyrin (route c1), 20 mg (22 µmol) of compound 129 was 
dissolved in 20 ml of dichloromethane in a 50 ml flask. In a second flask, 39 mg (10 eq.) of 
cobalt (II) acetate * 4 H2O was dissolved in 5 ml of methanol, which was added to the 
porphyrin solution. The mixture was stirred for 2 hours at 40oC, but UV-Vis spectroscopy 
results showed that compound 129 couldn’t be metallated by using route c1 (Figure 6A). 
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Although the concentrations are different, four Q-bands were observed between 500 and 
700 nanometer. It was expected that less Q-bands would be present due to symmetry 
changes upon metallation. In contrast to free base porphyrins, increased symmetry of the 
porphyrin due to metallation causes the molecular orbitals to be doubly degenerated.40 
This reduces the number of peaks observed in the visible spectrum of the Q-bands upon 
metallation. 
 
A 3D space filling model of compound 129 was built, and showed that the thioacetyl 
groups block the cavity. This could explain that the free-base porphyrin cannot be 
metallated with cobalt at low temperatures. As a consequence, this could also explain that 
the UV spectrum by using route c1 is the same as for compound 129 (Figure 6A). 
  
Figure 6 (A) UV-VIS spectrum of compound 129 before and after using route c1. (B) UV-VIS spectrum 
of compound 129 before and after using route c2 (heating in DMF to 140
oC). (C) MALDI spectrum of 
compound 129 before and after using route c2. Calculated mass (m/z) of compound 129 
(C52H38N4O4S4): 910.1. 
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The same reaction at higher temperatures in DMF (route c2), resulted in dissociation of 
the porphyrin structure. No characteristic Soret band was present at 422 nm (Figure 6B), 
and the mass fragment obtained by Maldi was much lower than expected (Figure 6C). It 
was concluded from these results that metallation of 129 with cobalt is not possible using 
these methods, however adding 10 eq. of cobalt (II) acetate to the reaction mixture of b 
has not been tried yet. 
 
In a second approach, porphyrin 135 (Scheme 2) was prepared in five steps from 3-
bromobenzaldehyde diethylacetal (131).  
 
Scheme 2) Synthesis of compounds 135 – 138. Reagents and conditions used: (a) 1.0 eq. 3-
bromobenzaldehyde diethylacetal (131), 1.1 eq. Mg, I2 (crystal), THF, 55
oC, stirred for 30 min., Ar. (b) 
1.0 eq. dimethyldisulfide, THF, reflux, stirred for 3.5 h., Ar. (c) 20% NH4Cl (w/v) solution, r.t., stirred 
for 1h., air. (d) 2M H2SO4, reflux, stirred for 1 h., air. Total overall yield of 89%. (e) step 1) 1 eq. 
compound 134, 1 eq. pyrrole, 1 eq. TFA, CH2Cl2, r.t., stirred for 2 h., air. step 2) 0.5 eq. DDQ, r.t, 
stirred for 16 h., air. step 3) 2.3 eq. triethylamine, stirred for 10 min., air, compound 135 was 
obtained in 15% yield. (f) To 1 eq. of compound 135 was added 2.8 eq. Zn(OAc)*2 H2O (136), 9.2 eq. 
MnCl2*4 H2O (137) or 4.4 eq. Co(OAc)*4 H2O (138) respectively, THF, reflux, Ar. Isolated yields for 
compounds 135 – 138 is indicated between the brackets. 
 
Although thioether linkages coordinate weakly to gold surfaces29, literature on 
multidentate binding of thioethers to small nanoparticles (≈ 2 nm) is present.41 Instead of 
the para-substituted thioether porphyrin 124, it was decided to synthesize the meta-
substituted analog (135), since 3D space filling models indicated that the porphyrin is then 
more lifted from the gold surface. It is expected that the sulfur atoms interact much better 
with the gold surface when a metal is inserted in the porphyrin cavity compared to the 
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para substituted analog. Besides that, it was found that the para-substituted thioether 
porphyrin was very poorly soluble in chloroform, dichloromethane and THF. It was hoped 
that the free base meta-substituted analog would be much more soluble in these solvents 
to be able to introduce metals in the porphyrin cavity. 
 
To prepare compounds 135 – 138, a Grignard reaction was performed on compound 131 
in THF to obtain compound 132 (a). Then, a solution of dimethyldisulfide in THF was 
added dropwise to the reaction mixture of 132, which was refluxed for 16 hours to form 
compound 133 (b). The reaction mixture was cooled to room temperature, and an 
aqueous solution of ammonium chloride was added to quench the reaction (c). The 
reaction mixture was filtered over a glass filter, and the crude product was extracted from 
the filtrate using diethylether. The organic layer was concentrated, and the remaining 
brownish oil was refluxed without further characterization with 2M sulfuric acid (d). After 
work up, compound 134 was isolated as a colorless oil by bulb-to-bulb distillation in a total 
yield of 89%. Following a similar procedure by Lindsey et al, compound 134 and pyrrole 
were reacted in a equimolar amount with TFA in dichloromethane.42 After 2 hours, 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) was added to oxidize the resulting 
porphyrinogen to porphyrin 135. The latter compound was purified by column 
chromatography (eluent: CH2Cl2), and was isolated as a purple solid in 15% yield. It was 
found that compound 135 was moderately soluble in THF, and porphyrins 136 – 138 could 
be prepared under reflux conditions by using the appropriate salts in THF. Besides the 
mass of the product, other mass fragments were present in the Maldi spectra of 
compounds 136 – 138 when a sample was taken from the reaction mixture before work 
up. Although the metallation procedure (f) was carried out under an argon atmosphere, 
partial oxidation or degradation of the products at these high temperatures may be 
responsible for the low yields obtained. The porphyrins were all purified by column 
chromatography and isolated. These were used to coat gold nanoparticles. 
 
5.6 Towards thioether porphyrin coated gold nanoparticles 
 
Many procedures exist in literature to prepare gold nanoparticles.39 In the present work, 
three of these procedures were tested to coat metallated porphyrins on gold 
nanoparticles, which are discussed in paragraphs 5.6.1 – 5.6.3. 
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5.6.1 Slot method 
 
Among the salt reduction methods to generate gold nanoparticles, the Slot method is one 
of the most applied procedures.43 Here, a solution containing sodium citrate, tannic acid 
and potassium carbonate in water is added to a solution of chloroauric acid in water. 
Depending on the conditions used, this forms nanoparticles between 2 – 20 nanometer in 
diameter. Citrate itself coordinates on the gold surfaces to stabilize the gold nanoparticle, 
while tannic acid and potassium carbonate were added to control the size of the 
nanoparticles and the pH respectively.  
 
In a 200 ml flask, 10.4 mg (26 µmol) of gold auric acid (HAuCl4*3 H2O) was dissolved in 80 
ml of double-distilled water (I). In a 50 ml flask, 41.1 mg (0.14 mmol) of sodium citrate was 
dissolved in 4 ml of double-distilled water (II). In a third flask, 9.9 mg (6 µmol) of tannic 
acid was dissolved in 1 ml of double-distilled water (III). Then, 50 µl of (III) was added to 
(II), and double-distilled water was added to the latter solution until a total volume of 20 
ml was reached. According to the work of Slot43, this should yield nanoparticles that are ≈ 
11.8 nm in diameter. This diameter was chosen as a first attempt to prepare gold 
nanoparticles. Solutions (I) and (II) were initially heated to 60oC, and solution (II) was 
added to solution (I) after 30 minutes. The temperature of the remaining solution was 
further increased to 100oC. After 85 minutes, the reddish solution was allowed to cool to 
room temperature. From this solution, a sample was taken for a UV-Vis measurement. The 
UV-Vis spectrum of C-AuNP (Figure 7B) shows the characteristic surface plasmon 
resonance band around 520 nm44-46, which indicates that gold nanoparticles were indeed 
formed.  
 
TEM studies (Figure 7A and 7C) showed that the nanoparticles are 17.8±2.9 nanometer in 
diameter, which is somewhat higher than the expected 11.8 nm. This could be attributed 
to the many experimental conditions that influence the formation of these sols. However, 
the aqueous solution was used to exchange the citrate molecules that stabilize the gold 
nanoparticle structure with compound 136. 
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Figure 7 (A) TEM images of citrate capped gold nanoparticles (C-AuNP) at three different 
magnifications. Samples were prepared from a ≈ 100 mg/L solution of C-AuNP in H2O as described in 
the experimental section, and were allowed to dry overnight prior to measurement. (B) UV-Vis 
spectrum of C-AuNP in H2O. The characteristic surface plasmon resonance band is present around 
520 nm. (C) Statistics on a random population of sizes measured of C-AuNP using TEM. From a 
population of 216 C-AuNP’s, it was calculated that the average diameter is 17.8±2.9 nm.   
 
The main problem using this approach is that the porphyrins are insoluble in water. 
Therefore, it was attempted to add a solution of 6 eq. of compound 136 in DMAc to a 
solution of the C-AuNP’s in water. A brownish suspension was immediately formed after 
adding the two solutions together, and the resulting precipitate was isolated by 
centrifugation. The precipitate was redissolved in DMAc, but it was found by UV-Vis that 
like the supernatant, this only contained compound 136 (Figure 8). No plasmon resonance 
band of the gold nanoparticles is present in the UV-Vis spectrum. It could be that the C-
AuNP’s were coated and formed insoluble gold chunks upon addition of 136, since a black 
precipitate was immediately formed as well. It was concluded that this method is not 
suitable to coat compound 136 on gold nanoparticles. 
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Figure 8) UV-Vis spectrum of compound 136 after the exchange reaction with C-AuNP’s in a solution 
of DMAc/H2O = 1/1 (v/v).  
 
It was found that compound 135 does not dissolve in DMAc, and compounds 137 and 138 
still remain to be studied using this procedure. Since compounds 135 – 138 also dissolve in 
THF, it could be a good alternative to perform the experiment in this solvent as well. An 
attempt to prepare C-AuNP’s in DMAc instead of water was unsuccessful, since no gold 
nanoparticles were formed. 
 
5.6.2 Kanehara method 
 
By using the Kanehara procedure, free base meta substituted thioacetate porphyrins (139) 
were coated on the surface of growing gold nuclei during the reduction of chloroauric acid 
(HAuCl4) with NaBH4 in DMAc (Scheme 3).
47  
 
Scheme 3) Kanehara procedure to coat thioacetate porphyrin 139 in situ on growing gold 
nanoparticles.  
 
Here, a ≈ 0.2 mM solution of HAuCl4*4 H2O and 139 was prepared in DMAc. To this 
solution was added a 20 mM solution of NaBH4 in methanol, which was stirred at room 
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temperature for 12 hours. The reaction mixture was evaporated to dryness, and the 
precipitate was redissolved in water and purified on a Sephadex G-25 column. It was 
shown by TEM, that monodisperse 2.3±0.2 nanometer-sized nanoparticles were formed. 
The UV-Vis spectrum of these gold nanoparticles, showed a clear difference compared to 
the spectrum of free-base porphyrin (Figure 9A). The Soret band (λ ≈ 420 nm) broadens, a 
characteristic surface plasmon resonance band for gold nanoparticles is present around 
520 nm, and the slope of these spectra are tilted. It was concluded from these results that 
the porphyrins were coated on the gold nanoparticles itself. 
 
Since compound 135 does not dissolve in DMAc, it was attempted to carry out the same 
procedure which Kanehara used in DMF (see experimental section for more details). This 
resulted in the formation of an insoluble black precipitate that couldn’t be characterized 
any further. The remaining solution was measured with UV-Vis, but the same spectrum 
was obtained as for 135 (Figure 9B).  
 
Figure 9) UV-Vis spectra of (A) Thioacetyl functionalized porphyrin (solid line), and coated porphyrins 
on gold nanoparticles (dashed line) of Kanehara.47 (B) Compound 135 before (grey line), and after 
coating using the Kanehara procedure (black line).  
 
Probably, the solvent plays a very important role in the formation of coated nanoparticles 
in the system of Kanehara, but the ease of carrying out this procedure (although slightly 
modified) was certainly worth an attempt. To be sure that the solvent is important, the 
experiments of Kanehara should be repeated in DMF as well. Another possibility is that 
thioether ligands do not bind (strong and fast enough) to the surface of gold 
nanoparticles. On the other hand, it was probably better to directly use porphyrins 136 – 
138 since these are soluble in DMAc. These experiments were not conducted. 
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5.6.3 Cormode method 
 
Using the Cormode method, a two-layer system of water and chloroform is used to coat 
porphyrin functionalized dithiocarbamates (140) on gold nanoparticles (Scheme 4).48 Here, 
a ≈ 3 mM solution of gold auric acid (HAuCl4) in water is mixed with a ≈ 6 mM solution of 
methyl trioctyl ammonium chloride (Aliquat 336) in CHCl3 by stirring for 2 hours. By doing 
this, Aliquat 336 transfers the gold auric anions to the organic layer. The orange organic 
layer is extracted from the aqueous layer, and ≈ 0.5 eq. of compound 140 (versus 
HAuCl4*3 H2O) is added. After 10 minutes, an aqueous solution containing ≈ 40 eq. of 
sodium borohydride (NaBH4) solution is added to the stirring solution to reduce the gold 
(III) salt, to form 2.4 nanometer sized porphyrin coated gold nanoparticles (141). The 
organic layer was washed a couple op times with water and methanol, and a purple solid 
was isolated in 40% yield. 
 
Scheme 4) Route towards dithiocarbamate functionalized porphyrin coated gold nanoparticles.48 
 
In the present study, compounds 136 and 137 were both tested using this procedure. 
After the washing steps in water and methanol, the brownish/purple precipitate was 
redissolved in THF for UV-Vis studies. UV-Vis spectra show that the solid that was obtained 
from the reaction, contains all the spectroscopic characteristics to indicate that 136 and 
137 are indeed coupled to the surface of gold nanoparticles (Figure 10A and 10B). The 
tilted baseline, and a broad Soret band around 419 nm are characteristic for porphyrin 
coated gold nanoparticles (Figure 9A)47. On the other hand, no (clear) plasmon resonance 
band is present around 520 nm, which is characteristic for gold nanoparticles. Therefore, it 
remains unknown if compounds 136 and 137 cover the surface of gold nanoparticles. 
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Figure 10 (A) UV-Vis spectra of compound 136, and (B) compound 137 in THF after applying the 
Cormode method. For comparison, the UV-Vis spectrum of compound 135 in THF is included as well. 
(C) TEM images of coated gold nanoparticles using compound 136 (left, middle), and TEM image of 
coated gold nanoparticles using 137 (right). No statistics was performed on the objects due to the 
low yield of particles. 
 
The TEM images (Figure 10C), show some of the gold nanoparticles that were measured 
by UV-Vis. The few objects that were measured, were all found to be in the range of 4 to 8 
nanometer in diameter in both cases. Unfortunately, no higher concentrations were 
measured to be more conclusive. It should be noted that the experiments with 136 and 
137 were only conduced once, repeating the same experiments will provide a better 
ground to draw conclusions about the feasibility of using this method for thioether 
functionalized porphyrins. Besides that, X-ray photoelectron spectroscopy (XPS) should be 
conducted as well to confirm that the porphyrins are indeed attached to the gold surface. 
Not enough data is present to conclude that the Cormode method indeed worked, 
however it is certainly of interest for more studies. 
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5.7 General conclusions 
 
The goal of the first part was to study electronic and conformational properties of isolated 
and clusters of different tetraphenyl porphyrin (TPP) molecules on copper surfaces at 20 
K. This is important, since modelling studies may be used in the (near) future to predict 
which porphyrins are of interest to build a specific self-assembled nanoelectronic device. 
It was demonstrated using ultra-high vacuum scanning tunneling microscopy (UHV-STM), 
that the adsorption of single molecules as well as the formation of molecular clusters is 
predominantly governed by the (substituted) phenyl legs of the TPP molecules. 
Furthermore, individual molecules and clusters of para substituted methylthiophenyl 
tetraphenyl porphyrins (TSMePP) organize themselves in a different conformation on a 
Au(111) surface than Co-TPP molecules. Sulfur-gold interactions are believed to be the 
driving force for the different packing of these molecules on a gold surface. These studies 
showed that clusters of Co-TPP molecules assemble themselves in a T-shaped 
configuration, which is not the case for clusters of TSMePP molecules (isolated entities). 
The T-shape configuration between individual TPP molecules in clusters was also 
calculated with force-field modelling studies.   
 
In the second part, it was attempted to coat gold nanoparticles with metallated 
porphyrins. It is hoped that these nanoparticles possess magnetic properties, which could 
possibly be used as a molecular magnet. Different sulfur functionalized tetraphenyl 
porphyrins were prepared, and it was found that only the meta substituted TSMePP 
porphyrin could be metallated with cobalt, zinc or manganese ions. These molecules were 
used to coat gold nanoparticles. 
  
It was demonstrated that the Slot and Kanehara method used to coat free base or 
metallated thioether functionalized porphyrin on gold nanoparticles were unsuccessful. A 
possible explanation could be the use of other solvents to prepare these coated gold 
nanoparticles, which was needed for solubility. It was observed that in both cases a black 
insoluble precipitate was formed, which could not be redissolved again. The Cormode 
method seems to work. The UV-Vis spectra of meta substituted zinc and manganese 
functionalized TSMePP’s showed all the characteristics that were found previously in the 
work of Kanehara. However, the experiments described in this work were only conducted 
once, and the TEM images were not convincing enough to conclude that this method 
indeed worked. More TEM studies are needed, and surface science studies (XPS) must be 
conducted to prove that the porphyrins are indeed attached to the gold surface. 
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5.8 Experimental 
 
5,10,15,20-Tetrakis-(phenyl)-porphyrin (TPP) (119) 
 
To a stirring solution of 0.5 L boiling propionic acid was added 17.7 
g (167 mmol) of benzaldehyde. After 5 minutes, 11.6 ml freshly 
distilled pyrrole (167 mmol) was slowly added and the reaction 
mixture was refluxed for another 2 hours. Propionic acid was then 
removed through evaporation under reduced pressure, after which 
the black residue was redissolved in 250 ml of chloroform. The 
resulting solution was washed twice with 100 ml 0.1M of sodium hydroxide and two 
portions of water (100 ml), followed by precipitation (twice) in 400 ml of methanol. The 
precipitate was then redissolved in chloroform and subjected to column chromatography 
(silica, eluent: CHCl3). The title compound eluted as a reddish band and was isolated as a 
purple solid in 7% yield (1.83 g, 2.97 mmol). 
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): -2.76 (s, 2H, NH), 7.77 (m, 12H, Ar-H), 8.24 (m, 8H, Ar-H), 8.85 (s, 
8H, pyrrole H). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 120.1, 126.7, 127.7, 131.0, 134.6, 142.2. IR 
(liquid, cm-1): 3315, 2918, 1724, 1472, 1441, 1349, 1244, 1189, 964, 797, 722, 698. UV-VIS (CH2Cl2) 
λ/nm (log ε/M-1cm-1): 417 (5.7), 514 (4.3), 549 (3.9), 590 (3.7), 646 (3.7). HRMS: m/z calculated for 
C44H31N4 [M+H]
+: 615.2549, found: 615.2548. 
 
Cobalt-5,10,15,20-tetrakis-(phenyl)-porphyrin (CoTPP) (120) 
 
To a stirring solution of 100 mg (0.16 mmol) compound 119 in 15 
ml refluxing dimethylformamide was added 115 mg (0.46 mmol) of 
cobalt (II) acetate (anhydrous) under an argon atmosphere. The 
reaction was stopped after 10 minutes by evaporating 
dimethylformamide under reduced pressure, and the resulting 
orange solid was redissolved in chloroform and subjected to 
column chromatography (silica, eluent: CHCl3). The title compound eluted as an orange 
band and was isolated as a reddish solid in 46% yield (50 mg, 74 µmol).  
 
IR (liquid, cm-1): 3452, 2916, 2849, 1725, 1467, 1441, 1349, 1242, 1190, 1004, 795, 749, 702, 610 (N-
Co). UV-VIS (CH2Cl2) λ/nm (log ε/M-1cm-1): 411 (5.4), 529 (4.1). HRMS: m/z calculated for C44H28CoN4: 
671.1646, found: 671.1635. 
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5,10,15,20-Tetrakis-(4-bromophenyl)-porphyrin (TBrPP) (122)  
 
To a stirring solution of refluxing propionic acid (50 ml) was 
added 1.85 g (10 mmol) of 4-bromobenzaldehyde. After 5 
minutes, freshly distilled pyrrole (0.7 ml, 10 mmol) was slowly 
added and the reaction mixture was refluxed for another 30 
minutes. The same work-up procedure was used as described 
for compound 3, and the title compound was redissolved in 
chloroform and subjected two times to column 
chromatography (eluent: CHCl3 / heptane = 80/20 (v/v)). The title compound eluted as a 
reddish band and was isolated as a purple solid in 9% yield (201 mg, 0.22 mmol).  
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): -2.87 (s, 2H, NH), 7.90 (m, 8H, p-BrAr-H), 8.07 (m, 8H, Ar-H), 8.84 
(s, 8H, pyrrole H). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 119.0, 122.6, 130.0, 131.1, 135.8, 140.8. IR 
(liquid, cm-1): 3317, 2920, 2850, 1584, 1554, 1472, 1390, 1346, 1070, 1009, 962, 906, 798, 728, 612. 
HRMS: m/z calculated for C44H27Br4N4 [M+H]
+: 930.8928, found: 930.8843. 
 
Cobalt-5,10,15,20-tetrakis-(4-bromophenyl)-porphyrin (CoTBrPP) (123)  
 
The title compound was prepared using the same procedure 
as for compound 122, and purified using column 
chromatography (eluent: CHCl3). The title compound was 
isolated as a reddish solid in 72% yield (64.8 mg, 66 µmol).  
 
UV-VIS (CH2Cl2) λ/nm (log ε/M-1cm-1): 411 (5.2), 528 (4.0). HRMS: 
m/z calculated for C44H24Br4CoN4: 982.8067, found: 982.8080. 
 
5,10,15,20-Tetrakis-(4-methylthiophenyl)-porphyrin (TMeSPP) (124) 
 
To a stirring solution of boiling propionic acid (100 ml) was 
added 2.66 ml (20 mmol) of 4-(methylthio)benzaldehyde. 
After 5 minutes, freshly distilled pyrrole (1.39 ml, 20 mmol) 
was slowly added and the reaction mixture was refluxed for 
another 30 minutes. After removal of propionic acid under 
reduced pressure, the black contents was redissolved in 100 
ml of dichloromethane and was extracted two times with 
100 ml 0.1M sodium hydroxide. The organic layer was filtered through a small plug of 
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silica using dichloromethane to remove all side products. The title compound remained on 
top of the silica and was removed. The purple product was then isolated by Soxhlet 
extraction for 5 days using CH2Cl2. After removal of the solvent under reduced pressure, 
the title compound was isolated as a purple solid in 14% yield (553 mg, 0.69 mmol). No 
13C-NMR could be obtained, because of the poor solubility in organic solvents.  
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): -2.78 (2H, br s, NH), 2.76 (12H, s, CH3), 7.63 (8H, m, Ar-H), 8.13 
(8H, m, Ar-H), 8.87 (8H, m, pyrrole H). IR (liquid, cm-1): 3645, 3319, 2954, 2868, 1732, 1470, 1431, 
1230, 1159, 1092, 964, 801. UV-VIS (THF) λ/nm (log ε/M-1cm-1): 422 (5.6), 517 (4.2), 554 (4.1), 595 
(3.7), 652 (3.8). HRMS: m/z calculated for C48H39N4S4 [M+H]
+: 799.2058, found: 799.2045. 
 
5-(4-Bromophenyl),10,15,20-(triphenyl)-porphyrin (125) 
 
Benzaldehyde (16.9 g, 159 mmol) and 4-bromobenzaldehyde (9.83 
g, 53 mmol) were added to a stirring solution of boiling propionic 
acid (0.8 L). After 5 minutes, 15 ml (0.22 mol) of freshly distilled 
pyrrole was slowly added and the reaction mixture was continued 
to reflux for another 30 minutes. Propionic acid was removed by 
evaporation under reduced pressure, and the black residue was 
redissolved in 250 ml of chloroform. The resulting solution was 
washed twice with 100 ml 0.1M sodium hydroxide and two portions of water (100 ml), 
followed by precipitation (twice) in 400 ml of methanol. The crude reaction mixture was 
brought on a column (silica, eluent: toluene / heptane = 70/30 (v/v), height ≈ 40 cm) and 
the title compound eluted as the fourth reddish band (rf = 0.66) and was isolated as a 
purple solid from the statistical mixture (33 mg, 48 µmol). 
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): -2.74 (br s, 2H, NH) 7.79 (m, 9H, Ar-H), 7.90 (m, 2H, Ar-H), 8.10 
(m, 2H, p-BrAr-H), 8.24 (m, 6H, Ar-H), 8.87 (m, 8H, pyrrole-H). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 
118.3, 120.3, 120.4, 122.4, 125.3, 126.7, 127.8, 129.9, 131.1, 134.5, 135.9, 141.2, 142.1. IR (liquid, 
cm-1): 3313, 3053, 1558, 1473, 1070, 965, 799, 730, 701, 610. UV-VIS (CH2Cl2) λ/nm (log ε/M-1cm-1): 
417 (5.6), 515 (4.2), 549 (3.8), 590 (3.7), 645 (3.6). HRMS: m/z calculated for C44H30Br1N4 [M+H]
+: 
693.1654, found: 693.1628. 
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5,10,15-Tris-(4-bromophenyl)-20-phenylporphyrin (126) 
 
The title compound eluted as the second reddish band (rf = 
0.80) from the column and was isolated in 4 mg from the 
statistical mixture (eluent: toluene/heptane = 70/30 (v/v)).  
 
1H-NMR (CDCl3, δ (ppm), 400 MHz): -2.84 (br s, 2H, NH), 7.76 (m, 3H, 
Ar-H), 7.91 (m, 6H, Ar-H), 8.06 (m, 6H, p-BrAr-H), 8.20 (m, 2H, Ar-H), 
8.84 (m, 8H, pyrrole H). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 118.8, 
120.8, 122.6, 126.8, 127.9, 129.9, 131.1, 134.5, 135.8, 140.9, 141.8. IR (liquid, cm-1): 3425, 2997, 
2911, 1435, 1407, 1311, 1023, 952, 699. UV-VIS (CH2Cl2) λ/nm (log ε/M-1cm-1): 418 (5.8), 515 (4.4), 
550 (4.0), 590 (3.9), 646 (3.8). HRMS: m/z calculated for C44H28Br3N4 [M+H]
+: 848.9864, found: 
848.9808. 
 
3-(Methylthio)benzaldehyde (134) 
 
To a 50 ml flame-dried three-necked flask was added 50 mg (2.1 mmol) of 
freshly crunched magnesium flakes in 10 ml of dry degassed THF. The flask 
was equipped with a dropping funnel and loaded with 0.39 ml (1.9 mmol) 
of 3-bromobenzaldehyde diethylacetal in 5 ml of THF. After stirring the solution for 30 
minutes, the 3-bromobenzaldehyde solution was added dropwise to the reaction mixture. 
A small crystal of iodine was added and the solution was heated to 55°C for 30 minutes. 
The dropping funnel was then filled with a solution of 0.17 ml dimethyldisulfide (1.9 
mmol) in 6 mL of THF, which was added dropwise to the reaction mixture, and 
subsequently refluxed for 16 hours. Upon cooling the reaction mixture to room 
temperature, a 25 ml 20% ammoniumchloride solution (5 g, 94 mmol) in water was added 
in small portions in 10 minutes and was continued to stir for 1 hour. Gasses that evolved 
during the whole process were trapped in household bleach. The reaction mixture was 
filtered over a glass filter and the crude product was extracted from the aqueous filtrate 
by washing a couple of times with diethylether. The organic layer was concentrated under 
reduced pressure and the remaining brownish oil was refluxed in 10 mL 2M sulfuric acid. 
After one hour, the reaction mixture was cooled to room temperature and neutralized 
with sodium bicarbonate. Diethylether was added and the organic layer was separated 
from the aqueous layer by multiple extractions, and was subsequently dried over 
magnesium sulfate. After stirring for 1 day, the solution was filtered over a glass filter and 
the filtrate was concentrated under reduced pressure. The remaining brownish oil was 
distilled bulb-to-bulb (40°C) under reduced pressure, and the title compound was isolated 
as a colorless liquid in 89% yield (259 mg, 1.7 mmol). 
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1H-NMR (CDCl3, δ (ppm), 300 MHz): 2.54 (s, 3H, SCH3), 7.47 (m, 2H, Ar-H), 7,62 (m, 1H, Ar-H), 7.73 
(m, 1H, Ar-H), 9.98 (s, 1H, CHO). 13C-NMR (CDCl3, δ (ppm), 300 MHz): 15.5, 126.1, 126.7, 129.3, 
132.1, 136.9, 140.5, 191.8. IR (liquid, cm-1): 2922, 2829, 2726, 1698, 1572, 1468, 1427, 1385, 1199, 
784, 682. GC-MS: m/z calculated for C8H8OS: 152.0, found: 153.0 [M+H
+]. 
 
5,10,15,20-Tetrakis-(3-methylthiophenyl)-porphyrin (135) 
 
To a stirring solution of 1 L dichloromethane was added 0.45 ml 
of pyrrole (6.5 mmol), 1.01 g (6.6 mmol) of freshly distilled 3-
(methylthio)benzaldehyde (134), and 0.5 ml (6.5 mmol) of 
trifluoroacetic acid. After 2 hours, 0.76 g (3.4 mmol) of 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) was added. The dark 
brownish reaction mixture was continued to stir overnight and 
2.1 ml (15.1 mmol) of triethylamine was added. After 10 minutes, the reaction mixture 
was evaporated to dryness under reduced pressure, and the crude product was purified 
over a silica plug using dichloromethane. The product eluted from the column as a dark 
reddish fraction and was isolated as a purple solid in 15% yield (0.20 g, 0.25 mmol). No 
13C-NMR could be obtained, because of the poor solubility in organic solvents. 
 
1H-NMR (CDCl3, δ (ppm), 300 MHz): -2.82 (s, 2H, NH), 2.62 (s, 12H, SCH3), 7.67 (m, 8H, Ar-H), 7.98 
(m, 4H, Ar-H), 8.09 (s, 4H, Ar-H), 8.87 (s, 8H, pyrrole H). IR (liquid, cm-1): 3319, 2916, 1584, 1468, 
975, 897, 800, 696. UV-VIS (THF) λ/nm (log ε/M-1cm-1): 419 (5.7), 514 (4.3), 549 (3.9), 590 (3.8), 646 
(3.6). HRMS: m/z calculated for C48H38N4S4: 799.2058, found: 799.2045. 
 
Zinc-5,10,15,20-tetrakis-(3-methylthiophenyl)-porphyrin (136) 
 
To a stirring solution of 100 ml THF was added 400 mg (0.50 
mmol) of (135) and 300 mg (1.4 mmol) of zinc(II)acetate 
dihydrate. After refluxing for 16 hours, the reaction mixture 
was evaporated to dryness under reduced pressure. The crude 
product was taken up in a small amount of chloroform and 
brought on a column (silica, eluent: CH2Cl2). The title product 
eluted from the column as a reddish band and was isolated as a purple solid in 21% yield 
(92 mg, 0.11 mmol). No 13C-NMR could be obtained, because of the poor solubility in 
organic solvents.  
 
1H-NMR (CDCl3, δ (ppm), 300 MHz): 2.52 (m, 12H, SCH3), 7.61 (m, 8H, Ar-H), 7.99 (m, 8H, Ar-H), 8.96 
(s, 8H, pyrrole H). IR (liquid, cm-1): 2917, 1584, 1468, 1336, 1001, 908, 797, 696. UV-VIS (THF) λ/nm 
 Adsorption and conformation of tetraphenyl porphyrins on metallic surfaces 
179 
(log ε/M-1cm-1): 404 (4.5), 425 (6.7), 516 (3.1), 556 (4.2), 596 (3.6). MALDI-TOF: m/z calculated for 
C48H36N4S4Zn: 860.1, found: 859.8.  
 
Manganese-5,10,15,20-tetrakis-(3-methylthiophenyl)-porphyrin (137) 
 
To a stirring solution of 100 ml THF was added 82 mg (0.10 
mmol) of (135), and 182 mg (0.92 mmol) of manganese (II) 
chloride tetrahydrate. After refluxing for 1 week, the reaction 
mixture was evaporated to dryness under reduced pressure. 
The crude product was taken up in a small amount of 
dichloromethane and brought on a column (silica, eluent: 
CH2Cl2 / MeOH = 100/0 to 90/10 (v/v)). The title compound was isolated as a greenish 
solid in 65% yield (55 mg, 65 µmol). No 1H-NMR and 13C-NMR could be obtained, because 
of the poor solubility in organic solvents. 
 
IR (liquid, cm-1): 2964, 2854, 1261, 1019, 799, 696. UV-VIS (THF) λ/nm (log ε/M-1cm-1): 372 (4.6), 394 
(4.6), 477 (4.9), 532 (3.7), 584 (3.9), 622 (3.9). HRMS: m/z calculated for C48H36N4S4Mn: 851.1203, 
found: 851.1232. 
 
Cobalt-5,10,15,20-tetrakis-(3-methylthiophenyl)-porphyrin (138) 
 
To a stirring solution of 200 ml THF was added 400 mg (0.50 
mmol) of (135) and 392 mg (2.2 mmol) of cobalt(II)acetate 
(anhydrous). After refluxing for 16 hours, the reaction mixture 
was evaporated to dryness under reduced pressure. The crude 
product was taken up in a small amount of dichloromethane 
and brought on a column (silica, eluent: CH2Cl2 / MeOH = 100/0 
to 90/10 (v/v)). The title compound was isolated as a purple solid in 26% yield (110 mg, 
0.13 mmol). 
 
UV-VIS (THF) λ/nm (log ε/M-1cm-1): 428 (5.2), 442 (4.9), 556 (4.0). MALDI-TOF: m/z calculated for 
C48H36N4S4Co: 855.1, found: 854.7. 
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Methods used to prepare thioether porphyrin coated gold nanoparticles 
 
Slot method 
 
All glassware was cleaned with piranha acid solution before use. The preparation of a sol 
of 100 ml C-AuNP’s containing 10.4 mg (26 µmol) of HAuCl4 * 3 H2O was carried out 
according to procedure of Slot et al.43 Here, 50 µl of a 1% tannic acid solution in double-
distilled water was used in the reducing mixture. 
 
To a 2 ml sol solution of C-AuNP in a centrifugation tube was added a 2 ml solution of 2.7 
mg (3 µmol) of compound 136 in DMAc. The solution became turbid immediately, and the 
precipitate was isolated from the supernatant by centrifugation for 15 min. at 3000 rpm. 
 
UV-VIS (DMF) λ/nm: 526. TEM: 17.8 ± 2.9 nm. 
 
Citrate capped gold nanoparticles in dimethylacetamide 
 
The same experimental procedure as in water for the Slot method was applied, but the 
chloroauric acid trihydrate and tannic acid were now dissolved in dimethylacetamide 
(DMAc) instead. After elevation of the temperature to 100 °C, no color change from 
yellowish to red was observed for the sol.  
 
Kanehara method 
 
All glassware was cleaned with piranha acid solution before use. A solution containing 
9.76 mg (24.8 µmol) of HAuCl4 in 1.2 ml DMF was prepared in a small test tube (I). To a 
100 ml flask was added 20 mg (24.9 µmol) of 135 in 100 ml DMF (II). Then 100 µl of (I) was 
mixed with 2 ml of (II) in a centrifuge tube, and 7.8 ml of DMF was additionally added. 
After stirring vigorously for a few minutes, 100 µl (25.6 µmol) of a 0.26 M solution of 
NaBH4 in DMF was added. A black precipitate was obtained that was separated from the 
supernatant by centrifugation. The precipitate couldn’t be redissolved in common organic 
solvents.  
 
Cormode method 
 
All glassware was cleaned with piranha acid solution before use.  
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Compound 136 
 
To a 100 ml flask was added 37 mg (93 µmol) of HAuCl4 * 3H2O in 35 ml of double-distilled 
water. To the stirring solution was added 87 mg (0.22 mmol) of methyltrioctylammonium 
chloride (Aliquat 336) in 35 ml of chloroform. After 4 hours, the orange organic layer was 
extracted from the water layer and transferred to a separate round-bottom flask. The 
solution was continued to stir in an ice bath for a period of 5 minutes. Then, 41 mg (48 
µmol) of 136 was added, and after 10 minutes, a solution of 0.16 g (4.2 mmol) of NaBH4 in 
30 ml double-distilled water was added dropwise. After 1 hour, the brownish/purple solid 
was washed with 3 portions of 30 ml double-distilled water. 
 
UV-VIS (THF) λ/nm: 419, 513, 547, 592, 649. 
 
Compound 137 
 
The same procedure was used as described before for compound 136. Here, 48 mg (0.12 
mmol) of HAuCl4 * 3H2O, 115 mg (0.28 mmol) of Aliquat 336, 45 mg (53 µmol) of 137, and 
204 mg (5.4 mmol) of NaBH4 was used. 
 
UV-VIS (THF) λ/nm: 375, 419, 650. 
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Reflections 
 
Cobaltocenes as a molecular spin-valve 
 
The research described in Chapter 2 details the current status in the synthesis of bridged 
cobaltocenium compounds (cobalt (III) species). Although advanced calculations have 
shown that asymmetrically-bridged cobaltocenes (cobalt (II) species) may have a bright 
future in the field of Molecular Spintronics1,2, it was found that the synthesis and 
purification of symmetrically-bridged cobaltocenium compounds already caused many 
problems, suggesting that the facile, industrially viable synthesis of their asymmetric 
counterparts will be most challenging. Cobaltocenes are synthesized in the last step by 
(electrochemical) reduction of cobaltocenium compounds, however the former one are 
unstable in air due to their 19-electron configuration. This makes the production of these 
molecules on a large industrial scale very difficult, and excludes the possibility of these 
molecules being used as a molecular spin-valve in electronic equipment.  
 
Cobaltocenes as a spin-filter 
 
The research described in Chapter 3 shows the first example of a self-assembled 
monolayer of cobaltocene on a platinum electrode surface. As a next step, it might be of 
interest to cover atomically flat platinum and gold surfaces with these molecules, and 
study a monolayer of these molecules with STM (Figure 1).  
 
Figure 1) Towards a cobaltocene-based spin filter using STM. 
 
If a molecule is approached with the STM tip, it might be possible to determine the quality 
of the spin-filter by applying a bias.3 The ratio of spin-up and spin-down electrons which 
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pass the cobaltocene moiety needs to be measured then, which can be done using 
techniques pioneered by the group of Prof. Wiesendanger, part of the SpiDME network.  
 
To address these thermally labile molecules properly to a metallic surface, a much softer 
technique is required than thermal evaporation in ultra-high vacuum, in order to protect 
the molecules from degradation. Very recently, ultra-high vacuum electrospray deposition 
(UHV-ESD) was used to transfer Mn12 molecules from solution to a Au(111) surface at 
room temperature.4 This might be the method of choice for this molecule, provided no 
conformational changes are induced. It was shown in Chapter 3 that electronspray 
ionization mass spectrometry (ESI-MS) didn’t result in fragmentation of the molecule at 
room temperature, which makes this molecule a suitable candidate for using this 
technique5. Although potassium carbonate was needed to cleave the thioacetate group to 
bind the molecule to the platinum electrode, it was shown before that cleavage of a 
thioacetate group on an atomically flat Au(111) surface occurs.4 Otherwise, the molecules 
first need to be converted to the corresponding thiol with potassium carbonate before the 
solution is deposited on a metallic surface using UHV-ESD. 
  
Although these devices will not enter commercial markets, it is of interest from a 
fundamental point of view, since theoretical calculations can be compared with 
experimental measurements. This helps in a better understanding of the underlying 
physics in these systems, and to improve the accuracy of simulations. 
   
Graphene as a molecular spin-valve 
 
Graphene is widely considered to have the biggest potential to replace silicon 
semiconductors in the (near) future.6 As described in Chapter 1, it is one of the most 
exciting materials that could be used for spintronic applications due to its unique magnetic 
and electronic properties. Until now, the on/off switching ratio of conventional graphene-
based field effect transistors (Figure 2A) was too low at room temperature due to 
tunneling effects (leakage), since no band gap is present in the material.  
 
Very recently, Britnell et al.7 reported on an improved configuration to use this material as 
a field-effect tunneling transistor in integrated circuits. This switching ratio is improved by 
a factor of about 10 in the present study, by separating two graphene layers with about 7 
layers of hexagonal boron nitride (BN), which serves a tunnel barrier (Figure 2B). This 
setup widens the band gap between the valence and conduction band, since two 
interacting layers of graphene have completely different physical properties compared to 
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monolayer graphene.6 It is expected that even better performances will be achieved when 
the architecture of the device is optimized. Therefore, the research in Molecular 
Spintronics will most likely focus on graphene-based spin-valves in the coming years.  
 
Figure 2) Setup of (A) a conventional graphene-based spin-valve. (B) Improved graphene-based spin-
valve.7 FM: ferromagnetic electrode, Gr: graphene layer, BN: hexagonal boron nitride. 
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Appendix 
 
A1) CV data of ferrocene in chloroform and DCM/CH3CN = 90/10 (v/v) 
 
Figure 1) CV data of ferrocene in chloroform and in a solution of DCM/CH3CN = 90/10, which 
contains 0.1M TBAH as supporting electrolyte. The three compounds which are present in the 
reference electrode are listed in the CV diagrams as well. Ra
2 is the correlation coefficient for anodic 
peak currents, Ia is the anodic peak current, Ic is the cathodic peak current, Ea is the anodic peak 
potential, Ec is the cathodic peak potential, and ΔEp the peak separation. Peak potentials are 
corrected against the E0 of ferrocene in chloroform (E0 = +940 mV) and the E0 of ferrocene in a 
solution of DCM/CH3CN = 90/10 (v/v) (E0 = +780 mV) respectively. 
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A2) CV data of ferrocene and CoCp2PF6 in dichloromethane  
 
 
Figure 2) CV data of ferrocene and cobaltocenium hexafluorophosphate in dichloromethane, which 
contains 0.1M TBAH as supporting electrolyte. The three compounds which are present in the 
reference electrode are listed in the CV diagrams as well. Ra
2 is the correlation coefficient for anodic 
peak currents, Ia is the anodic peak current, Ic is the cathodic peak current, Ea is the anodic peak 
potential, Ec is the cathodic peak potential, and ΔEp the peak separation. Peak potentials are 
corrected against the E0 of ferrocene in dichloromethane (E0 = +830 mV). 
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A3) CV data of ferrocene and CoCp2PF6 in DCM/CH3CN = 75/25 (v/v) 
 
 
Figure 3) CV data of ferrocene and cobaltocenium hexafluorophosphate in a solution of DCM/CH3CN 
= 75/25 (v/v), which contains 0.1M TBAH as supporting electrolyte. The three compounds which are 
present in the reference electrode are listed in the CV diagrams as well. Ra
2 is the correlation 
coefficient for anodic peak currents, Ia is the anodic peak current, Ic is the cathodic peak current, Ea is 
the anodic peak potential, Ec is the cathodic peak potential, and ΔEp the peak separation. Peak 
potentials are corrected against the E0 of ferrocene in a solution of DCM/CH3CN = 75/25 (v/v) (E0 = 
+770 mv. 
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Summary 
 
The demand for smaller, faster, cheaper and more energy-efficient electronic devices may 
soon no longer be met with conventional inorganic and purely charge-based electronics 
(CMOS technology). In CMOS technology, the electron charge is used to create electrical 
currents, which allows a device to function. A new degree of freedom other than charge 
was found in the form of the electron spin, which connects the magnetic properties of a 
device with its electrical resistance (Spintronics). The currents that are used in spin-based 
devices are much smaller, therefore, the power consumption, and simultaneously, 
problematic heat generation, decreases in spin-based electronic equipment, which is a 
definite gain over conventional electronics. The main theme of the thesis was to work on 
the synthesis and characterization of magnetic materials that have the potential to be 
used in the field of Molecular Spintronics (with an emphasis on cobaltocenes). The work 
described here was performed as part of a collaboration under the European 6th 
Framework Programme, dubbed the SpiDME project. The synthesis and characterization 
of molecules was performed in the group of Prof. Rowan (Radboud University Nijmegen), 
whereas the theoretical underpinning was performed by the group of Prof. Sanvito (Trinity 
College, Dublin), spin-polarization characteristics were measured by the group of Prof. 
Wiesendanger (University of Hamburg), and final device integration was done in the group 
of Prof. Rinaldi (Università del Salento, Lecce). 
 
Synthesis of bicobaltocenes 
 
In 2009, the group of Prof. Sanvito calculated that asymmetrically-bridged cobaltocenes 
(Figure 1) can be used as a molecular spin-valve (Molecular Spintronics).  
 
Figure 1) Molecules which were calculated to give good spintronic effects. 
 
In order to confirm the theoretical predictions, it is highly desirable to work on the 
synthesis of asymmetrically-bridged cobaltocene molecules. Although a considerable 
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amount of effort has been spent to prepare symmetrically-bridged cobaltocenium (cobalt 
III) dimers, it proved to be more challenging than expected. These compounds turned out 
to be very insoluble, and could not be purified, suggesting that the facile, industrially 
viable synthesis of their asymmetric counterparts will be most challenging. Cobaltocenes 
(cobalt (II) species) can be synthesized by (electrochemical) reduction of these 
cobaltocenium compounds, however the former are unstable in air due to their 19-
electron configuration. This makes the production of these molecules on a large industrial 
scale very difficult, and excludes the possibility of these molecules being used as a 
molecular spin-valve in electronic equipment. Therefore, these compounds will only serve 
as a model system in simulations. 
 
Redox-active self-assembled monolayer of cobaltocene on a platinum electrode surface 
 
It was shown that a monolayer of cobaltocenes with a conjugated pathway between a 
platinum electrode and the redox-active cobalt center, remains relatively stable during 
100 scan cycles (Scheme 1). This is the first known example of direct electron transfer of a 
cobaltocene molecule, which is coupled via a thiolate bond to the surface of an electrode. 
This opens the way to construct a cobaltocene-based spin-filter in which these molecules 
are approached with a (spin-polarized) STM tip. 
 
Scheme 1) Redox-active self-assembled monolayer of cobaltocene on a platinum electrode surface. 
 
Metallocene-functionalized polyisocyanides 
 
Here, it was investigated if ferrocene and cobaltocenium-functionalized polyisocyanides 
could serve as a conductive wire. The ferrocene homopolymer serves as a model system, 
whereas the charged cobaltocenium analog would be of interest for spintronic 
applications if this polymer (or the cobalt (II) analog), is able to conduct spin polarized 
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electrons. It was found that in both cases that no well-defined homopolymers were 
formed, which could not be attributed to the charges that are present on the 
cobaltocenium moiety, since the analogous ferrocene homopolymer is neutral. Defects 
observed in these (short) polymers make it very unlikely that they are suitable to conduct 
(spin polarized) electrons very efficiently. Copolymerization of the L,L-metallocene 
functionalized isocyanides with L,L-alanyl-alanine isocyanopeptides (L,L-IAA) showed that 
steric hindrance is more likely the cause that no well-defined homopolymers were formed, 
since well-defined copolymers were obtained here.  
 
It was concluded from AFM studies that object lengths between ≈ 100 and 400 
nanometers were measured for ferrocene polyisocyanopeptides, while micrometer-sized 
networks were found for cobaltocenium copolymers. This difference in morphology could 
be attributed to the nature of the metallocene moiety which is present in these 
copolymers. TEM and SEM studies showed that the amount of cobaltocenium moieties 
that are present in the copolymers is of influence on the thickness of the individual 
bundles that form the networks. The bundles are more uniform in thickness when less 
cobaltocenium moieties are present in the copolymers. It is proposed that the amount of 
charges that are present in the copolymers plays a very important role, since no 
aggregates were formed for the corresponding ferrocene copolymers. It is expected that 
the metallocene copolymers are not suitable to conduct (spin polarized) electrons, since 
the distance between adjacent metallocene moieties is most likely not below 10 Å, which 
is required for Dexter energy transfer. 
 
Adsorption and conformation of tetraphenyl porphyrins on metallic surfaces 
 
The goal of nanoelectronics is to decrease the size of electronic circuits and other 
electronic elements to molecular sizes, and use single molecules as isolated functional 
entities to perform logic operations. In such systems, the conformation of a single 
molecule becomes vital to the correct operation of the device, and hence justifies 
attaining a fundamental understanding of these effects. The effect on the electronic and 
the conformational properties of several (metallated) tetraphenyl porphyrins (TPP) was 
studied with STM when the chromophore was evaporated onto a metallic surface.  
 
Ultra-high vacuum scanning tunneling microscopy (UHV-STM) studies revealed that the 
metal ions in the porphyrin core have no influence on the adsorption and conformation of 
tetraphenyl porphyrins on metallic surfaces. The substitution pattern on the porphyrin 
ring, however, was found to have an influence. Individual molecules and clusters of para-
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substituted methylthiophenyl tetraphenyl porphyrins (TSMePP) organize themselves in a 
different conformation on a Au(111) surface than Co-TPP molecules. Sulfur-gold 
interactions are believed to be the driving force for the different packing of these 
molecules on a gold surface. These studies showed that clusters of Co-TPP molecules 
assemble themselves in a T-shaped configuration, which is not the case for clusters of 
TSMePP molecules (isolated entities). This T-shape configuration between individual TPP 
molecules in clusters was also confirmed using force-field modeling studies. 
 
In another study, it was attempted to coat gold nanoparticles with metallated porphyrins. 
It was hoped that these nanoparticles possess magnetic properties, which could possibly 
be used as a molecular magnet. Different sulfur functionalized tetraphenyl porphyrins 
were prepared, and it was found that only the meta substituted porphyrin could be 
metallated with cobalt, zinc or manganese ions. These molecules were used to coat gold 
nanoparticles, which were analyzed. However, more studies are required before a 
definitive conclusion can be drawn on the efficacy of this approach. 
 
Future research  
 
Graphene is widely considered to have the biggest potential to replace silicon 
semiconductors in the (near) future. Instead of using a single layer of graphene between 
two electrodes, the configuration to use this material as a field-effect tunneling transistor 
in integrated circuits can be improved by using two layers of graphene (Figure 2).  
 
Figure 2) Setup of (A) a conventional graphene-based spin-valve. (B) Improved graphene-based spin-
valve, based on several materials. FM: ferromagnetic electrode, Gr: graphene layer, BN: hexagonal 
boron nitride. 
 
It is expected that even better performances will be achieved when the architecture of the 
device is optimized. Therefore, the research in Molecular Spintronics will most likely focus 
on graphene-based spin-valves in the coming years. 
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Samenvatting 
 
Om aan de maatschappelijke vraag naar kleinere, snellere, goedkopere en meer 
energiezuinige elektronische apparaten te kunnen blijven voldoen, moeten er 
alternatieven worden gezocht voor de huidige silicium transistors waaruit elektronische 
schakelingen zijn opgebouwd (CMOS technologie). Bij CMOS technologie wordt gebruik 
gemaakt van de lading van elektronen om een stroom te laten lopen, wat ervoor zorgt dat 
een apparaat werkt. Een andere manier is om in plaats van lading, de spin van elektronen 
te gebruiken om een apparaat te laten werken (Spintronica). Bij Spintronica wordt de 
elektrische weerstand van een apparaat bepaald door de magnetische eigenschappen van 
het materiaal waaruit het is opgebouwd. Het voordeel is dat de stroomsterkte in spin-
gebaseerde apparaten veel lager is in vergelijking met de huidige silicium transistors, wat 
ervoor zorgt dat het energieverbruik en de warmteontwikkeling in dergelijke apparaten 
flink afneemt. Het doel van dit onderzoek is om magnetische materialen te synthetiseren 
en karakteriseren (met de nadruk op bepaalde kobaltoceen verbindingen), die vervolgens 
gebruikt kunnen worden als een nieuw type transistor (Moleculaire Spintronica). Het werk 
dat in dit proefschrift is beschreven was een samenwerkingsverband tussen verschillende 
Europese universiteiten (Europese 6e Kaderprogramma). De codenaam van het project is 
SpiDME (Spintronic Devices for Molecular Electronics). De synthese en karakterisatie van 
moleculen is uitgevoerd in de groep van Prof. Rowan aan de Radboud Universiteit 
Nijmegen, de berekeningen aan verschillende kobaltoceen verbindingen is uitgevoerd in 
de groep van Prof. Sanvito (Trinity College, Dublin), de (spin gepolariseerde) STM studies 
zijn uitgevoerd in de groep van Prof. Wiesendanger (Universiteit van Hamburg), en de 
fabricatie van 3D spin-gebaseerde apparaten is uitgevoerd in de groep van Prof. Rinaldi 
(Universiteit van Salento, Lecce).  
 
Synthese van bikobaltoceen verbindingen 
 
In 2009 is in de groep van Prof. Sanvito berekend dat bepaalde asymmetrisch-gebrugde 
kobaltoceen verbindingen gebruikt kunnen worden als een elektronenspin-gebaseerde 
transistor (Figuur 1). Om deze berekeningen te kunnen toetsen, is het erg wenselijk om 
deze asymmetrisch-gebrugde kobaltoceen moleculen te synthetiseren. Ofschoon er veel 
tijd is gespendeerd aan de synthese van kobaltocenium (kobalt III) dimeren, bleek het toch 
veel lastiger dan aanvankelijk gedacht. De dimeren bleken erg slecht oplosbaar te zijn en 
konden niet worden opgezuiverd. Dit geeft aan dat het een hele uitdaging zal worden om 
de meer complexe asymmetrische kobaltocenium verbindingen op industriële schaal te 
synthetiseren. Kobaltocenen (kobalt (II) verbindingen) kunnen verkregen worden door een 
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elektrochemische reductie van de analoge kobaltocenium verbindingen. Het is echter 
bekend dat kobaltocenen niet stabiel zijn aan de lucht doordat het 19-electron complexen 
zijn. Dit zorgt tevens voor verdere complicaties om dergelijke verbindingen op industriële 
schaal te produceren. 
 
Figuur 1) Berekende moleculen die goede spintronische effecten geven. 
 
Hieruit kan geconcludeerd worden dat kobaltocenen niet gebruikt zullen worden als een 
elektronenspin-gebaseerde transistor in elektronische schakelingen. Deze verbindingen 
kunnen alleen gebruikt worden als modelsysteem in simulaties. 
 
Redox-actieve kobaltoceen monolaag die gebonden is op het oppervlak van een platina 
electrode  
 
Het is hier voor het eerst voor een monolaag van geconjugeerde kobaltoceen molekulen, 
die gebonden zijn aan een elektrode oppervlak van platina bewezen, dat deze redelijk 
stabiel gebonden blijft zitten gedurende 100 scans (Schema 1). 
 
Schema 1) Redox-actieve kobaltoceen monolaag die gebonden is op het oppervlak van een platina 
electrode. 
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Dit is in de literatuur het eerste voorbeeld van een thiolaat-gebonden kobaltoceen 
molecuul dat elektronen van en naar het oppervlak van een platina elektrode kan 
transporteren. Wanneer deze experimenten met een STM herhaald worden, is het in de 
toekomst wellicht mogelijk om een kobaltoceen-gebaseerde spin-filter te construeren als 
er een stroom via de (spin gepolariseerde) STM-tip door de kobaltoceen monolaag vloeit.  
 
Metalloceen-gefunctionaliseerde polyisocyanides 
 
Er is onderzocht of ferroceen en kobaltocenium-gefunctionaliseerde polyisocyanides 
gebruikt kunnen worden als een geleidende draad. Het elektrisch neutrale ferroceen 
homopolymeer wordt beschouwd als een modelsysteem, terwijl het geladen 
kobaltocenium homopolymeer interessant zou kunnen zijn voor Spintronica als dit 
polymeer, of de elektrisch neutrale kobalt (II) analoog daarvan, spin gepolariseerde 
elektronen kan transporteren. Het bleek dat in beide gevallen geen goed gedefinieerde 
homopolymeren waren gevormd. Dit kan niet toegeschreven worden aan de ladingen die 
aanwezig zijn op de kobaltocenium groepen, doordat het analoge ferroceen 
homopolymeer geen ladingen bevat. Defecten in deze (korte) polymeren maken het erg 
onwaarschijnlijk dat ze in staat zijn om (spin gepolariseerde) elektronen efficiënt te 
kunnen transporteren. Copolymerisatie van de L,L-metalloceen gefunctionaliseerde 
isocyanides met L,L-alanyl-alanine isocyanopeptides (L,L-IAA) laat zien dat sterische hinder 
een meer waarschijnlijke oorzaak is dat niet goed gedefinieerde homopolymeren gevormd 
zijn, doordat deze copolymeren wel goed gedefinieerd zijn.  
 
Uit AFM studies is geconcludeerd dat de ferroceen copolymeren tussen de 100 en 400 nm 
lang zijn, terwijl er netwerken ter grootte van enkele micrometers zijn gevormd bij de 
kobaltocenium copolymeren. Dit verschil in morfologie kan verklaard worden door de 
keuze van het metalloceen dat in de copolymeren is ingebouwd. TEM en SEM studies 
laten zien dat de hoeveelheid kobaltocenium groepen van invloed is op de dikte van de 
netwerken die gevormd zijn. De bundels in de netwerken hebben een meer uniforme 
dikte als er minder kobaltocenium groepen aanwezig zijn in de copolymeren. De 
hypothese is dat de ladingen die aanwezig zijn in de kobaltocenium copolymeren een erg 
belangrijke rol spelen, doordat er geen aggregaten gevonden zijn voor de analoge 
ferroceen copolymeren. Ook voor de metalloceen copolymeren is de verwachting dat 
deze niet geschikt zijn om (spin gepolariseerde) elektronen te transporteren, doordat de 
afstand tussen naburige metalloceen groepen niet kleiner is dan 10 Å. Dit is de minimale 
afstand die nodig is voor Dexter energie transport. 
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Adsorptie en conformatie van tetrafenyl porfyrines op metaaloppervlakken 
 
Het doel van nanoelectronica is om een elektronische schakeling te realiseren ter grootte 
van een molecuul, en om deze vervolgens te gebruiken voor het uitvoeren van logische 
operaties. In dergelijke systemen speelt de conformatie van het molecuul een bepalende 
rol om goed te kunnen functioneren in een apparaat. Doordat er nog niet veel over 
bekend is, is dit een gegronde reden om fundamentele kennis te verwerven op dit gebied. 
Het effect van het substitutiepatroon op de elektronische en conformationele 
eigenschappen van (gemetalleerde) tetrafenyl porfyrines (TPP) is bestudeerd met STM 
wanneer het chromofoor op metaaloppervlakken werd opgedampt. 
 
Ultrahoog-vacuüm raster tunnel microscopie (UHV-STM) studies laten zien, dat 
metaalionen in de kern van de porfyrines geen invloed hebben op de adsorptie en 
conformatie van tetrafenyl porfyrines op metaaloppervlakken. Het substitutiepatroon op 
de fenylringen heeft wel invloed. Individuele moleculen en clusters van para-
gesubstitueerde methylthiofenyl tetrafenyl porfyrines (TSMePP) organiseren zichzelf in 
een andere conformatie op Au(111) dan de Co-TPP moleculen. Er wordt verondersteld dat 
zwavel-goud interacties de drijvende kracht zijn voor de verschillende adsorptie en 
conformaties van deze moleculen op het goudoppervlak. Deze studies hebben verder 
aangetoond dat clusters van Co-TPP moleculen zich assembleren in een T-vorm, wat niet 
het geval is bij clusters van TSMePP moleculen (geïsoleerde moleculen). Deze T-vorm 
tussen de individuele TPP moleculen is ook berekend in geavanceerde 3D simulatiestudies. 
 
Daarnaast is getracht om goud-nanodeeltjes te dekken met gemetalleerde porfyrines. De 
hoop was dat de nanodeeltjes magnetische eigenschappen zouden bezitten, en 
vervolgens als een molekulaire magneet gebruikt zou kunnen worden. Verschillende 
zwavel gefunctionaliseerde tetrafenyl porfyrines zijn gesynthetiseerd, maar alleen de 
meta gesubstitueerde porfyrine kon gemetalleerd worden met kobalt-, zink- of 
mangaanionen. Deze moleculen zijn vervolgens gebruikt om goud-nanodeeltjes mee te 
dekken, en zijn vervolgens geanalyseerd. Er is echter meer vervolgonderzoek nodig om 
een uitspraak te kunnen doen over de reproduceerbaarheid van deze resultaten. 
 
Vervolgonderzoek 
 
Grafeen wordt algemeen beschouwd als het materiaal met de grootste potentie om 
silicium halfgeleiders in de (nabije) toekomst te vervangen. In plaats van slechts 1 laag 
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grafeen tussen 2 elektrodes te plaatsen, kan de configuratie verbeterd worden om deze 
als spin-gebaseerde transistor te gebruiken, als men 2 lagen grafeen neemt (Figuur 2). 
 
Figuur 2) Configuratie van (A) een conventionele grafeen-gebaseerde spin transistor. (B) Verbeterde 
grafeen-gebaseerde spin transistor, welke uit verschillende materialen bestaat. FM: 
ferromagnetische elektrode, Gr: grafeen laag, BN: hexagonaal boornitride. 
 
De verwachting is dat de eigenschappen van deze apparaten nog beter worden als de 
architectuur van het systeem geoptimaliseerd is. Daarom zal het onderzoek in Moleculaire 
Spintronica zich de komende jaren naar alle waarschijnlijkheid gaan richten op grafeen-
gebaseerde spintransistoren. 
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Dankwoord 
 
Na vele maanden achter de laptop te hebben doorgebracht, is dan toch eindelijk het 
moment aangebroken dat ik de laatste hand kan ga leggen aan het schrijven van mijn 
proefschrift, het dankwoord. Als eerste wil ik mijn promotor bedanken. Alan, bedankt 
voor de mogelijkheid die je me hebt geboden om in jouw groep mijn promotieonderzoek 
te verrichten, en alle steun, vrijheid, en vertrouwen die je me daarbij gegeven hebt. De 
deur stond altijd bij je open als ik iets te vragen had, te brainstormen, resultaten te delen, 
of mijn manuscript met je te bespreken. Ik wil de leden van de manuscriptcommissie 
bedanken voor het nakijken van mijn manuscript. 
  
En dan is er natuurlijk ook mijn copromotor. Johan, je hebt me door de jaren heen altijd 
gesteund en geholpen waar nodig. Ik vond het natuurlijk jammer dat je na ongeveer 
anderhalf jaar na aanvang van mijn promotieonderzoek besloot om ergens anders te gaan 
werken, maar daar heb ik altijd alle begrip voor gehad. Het goede contact is gelukkig altijd 
gebleven, en we zagen elkaar nog heel vaak buiten het werk om. Je vond het een hele eer 
toen ik je ongeveer een jaar geleden vroeg of je mijn copromotor wilde worden, maar dat 
is geheel wederzijds! Je was altijd geinteresseerd hoe het met mijn onderzoek ging, en 
naast je drukke baan in het bedrijfsleven zag je mogelijkheid om in de avonduren, 
weekenden en zelfs tijdens vakanties mijn manuscript van correcties te voorzien. Dat is 
wel meer dan één bedankje waard!  
 
Dan wil ik uiteraard mijn paranimfen bedanken. Hans, om met jou te beginnen. Bedankt 
voor alle hulp en goede adviezen die je me door de jaren heen hebt gegeven. Nu begrijp je 
ook meteen waarom je menig potje tafelvoetbal (meestal met 10-9) van me won! De 
google translate met spraakfunctie was hilarisch...vooral toen er boxen op de PC’s werden 
aangesloten! Dennis, bedankt voor alle hulp die je me tijdens mijn Nijmeegse tijd gegeven 
hebt. Als broer zijnde sta je altijd voor me klaar en dat waardeer ik enorm. Je hebt in het 
verleden als student ook nog een korte tijd aan kobaltocenium verbindingen gewerkt, en 
dat maakte het natuurlijk extra makkelijk om het met jou over mijn onderzoek te hebben.         
 
Giuseppe, I would like to thank you all the help and for providing me the possibility to 
spend some time at the NNL in Lecce. Elisabetta and Valentina, I would like to thank you 
for all the help and the nice time I had in Lecce. It was a pleasure to have you in Nijmegen 
as well! I would like to thank all the other members of the SpiDME network for the good 
discussions and the nice time.     
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Na bijna 2 jaar promoveren kwam Bram Pape zijn hoofdvakstage bij mij doen. Bram, na 
welgeteld 2 dagen had je figuurlijk gezien geen begeleider meer, omdat ik zonodig aan de 
Nolte-Meijer cup wilde meedoen...met alle gevolgen van dien. Ik scheurde tijdens de 
voetbalwedstrijd mijn voorste kruisband af, en kon niet meer op de uni komen om jou te 
begeleiden. Gelukkig ontfermden mijn collega’s zich over je als je ergens hulp bij nodig 
had, en ik wil die mensen hiervoor nogmaals ontzettend bedanken! Ik heb meerdere 
malen van mijn collega’s moeten aanhoren dat ze jou ook wel heel erg graag als student 
hadden gehad! Jouw kwaliteiten zijn ook na je stage niet onopgemerkt gebleven, en heeft 
je dan ook een AiO positie opgeleverd in de groep van Prof. Meijer aan de TU Eindhoven. 
Ik wens je uiteraard heel veel succes toe met je eigen onderzoek! 
 
Door mijn blessure kwam ik van de ene op de andere dag in een wat andere wereld 
terecht. Ik wil niemand vergeten, en daarom wil ik hierbij alle mensen van harte bedanken 
die mij hebben gesteund en geholpen tijdens deze moeilijke periode. Mede dankzij jullie 
opbeurende woorden, emails en bezoeken aan huis heb ik de kracht gevonden om niet bij 
de pakken te gaan neerzitten, maar keihard aan mijn revalidatie te werken. Bij deze 
dankbetuigingen wil ik ook het team in de St. Maartenskliniek speciaal genoemd hebben 
voor alle goede zorgen rondom mijn operatie, en natuurlijk mijn fysiotherapeute van het 
SMC Maartenskliniek in Nijmegen. Femke, nogmaals heel hartelijk bedankt voor alle steun 
en goede hulp die je me gedurende mijn 15 maanden durende revalidatie gegeven hebt! 
Dit boekje was er zonder jullie inbreng ook zeker niet geweest! 
 
Theo, zonder jouw inbreng en hulp om mij de fijne kneepjes van de cyclische voltammetry 
bij te brengen was hoofdstuk 3 nooit gerealiseerd geweest. Enorm bedankt daarvoor! 
Vervolgens kwamen een drietal bachelor studenten precies op het juiste moment binnen 
om mij te helpen. Joris, Luuk en Ruurd, ik wil jullie ontzettend bedanken voor de grote 
bijdrage die jullie hebben geleverd aan hoofdstuk 4. Daarnaast wil ik Laurens Peters 
bedanken voor het schrijven van een scriptie over (Molecular) Spintronics, wat ik 
vervolgens als rode draad heb kunnen gebruiken voor het schrijven van hoofdstuk 1. Waar 
zou een AiO zijn als alle analyseapparatuur niet zou werken? Peter van Galen, Ad, Paul 
Schlebos, Helene en Geert-Jan, bedankt voor al jullie hulp. Ook wil ik Peter van Dijk, Paula, 
Jacky en Desiree bedanken voor alle hulp bij allerlei administratieve zaken.  
 
Dan heb ik mijn collega’s in de Rowan groep waar ik de afgelopen jaren met heel veel 
plezier mee heb samengewerkt nog niet genoemd. Toen ik begon met mijn 
promotieonderzoek was de groep nog een heel stuk kleiner dan dat hij op dit moment is, 
maar de sfeer was er toen ook al zeker niet minder gezellig om. Ik denk met veel plezier 
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terug aan de trip die we naar Barcelona hebben gemaakt. Nico en Martha, erg leuk 
georganiseerd! Johan, briljant idee van je om alvast de kachels in alle vertrekken van de 
kamers in het guesthouse op stand 5 te zetten toen we de 2 Italiaanse dames als gasten 
op bezoek kregen...ze zullen het wel koud hebben hier was de achterliggende gedachte. 
Nou...ik kon uit hun reactie de volgende ochtend opmaken dat ze het allesbehalve koud 
hebben gehad! Ook de taxirit naar ons hotel tijdens de kick-off meeting in Rome met de, 
naar achteraf bleek, Italiaanse kamikaze chauffeur die Alan op het vliegveld had geregeld, 
staat nog goed in mijn geheugen gegrift. Het is een wonder dat we daar ongeschonden 
uitgekomen zijn. Onno, bedankt dat je rond sinterklaas en Kerst je zelfbedachte, maar 
toch enigszins zieke liedjes met ons wilde delen. Femke (mijn zuurkastbuurvrouw), 
bedankt dat je altijd een luisterend oor had als er voor de zoveelste keer weer eens iets 
niet lukte met de chemie. Alexandra Alvarez Fernandez … and some more last names :), it 
was much fun having you around! Erik bedankt dat je me van alles en nog wat hebt 
uitgelegd over de Mn-4 clusters toen ik daar ineens iets over moest vertellen op een 
conferentie in Lecce! Suzanne, wie heeft ook alweer je “vesicoels” met enzymen erin 
doorgemeten bij een (ietsiepietsie) te hoge temperatuur van een paar honderd graden 
Celcius? Niels en Mandy (Tjah...hallooo weet ik toch nie), over julllie zou ik nog wel een 
aantal pagina’s kunnen volschrijven. Bedankt voor alle leuke momenten, ik heb me erg 
vermaakt met jullie! Buiten alle mensen die ik tot nu toe genoemd heb, wil ik ook (in 
willekeurige volgorde): Bram K., Erik S., Linda, Inge, Jeanette, Maaike, Stijn, Carmen, Luiz, 
Kathleen, Jimmy, Ruud, Arend, Egle, Gemma, Jaap, Jan, Marjon, Sanne, Morten, KT, 
Monique, Irene, Ton, Sander, Stan, Kaspar, Pieter, Alexander, Matthieu, Petra, Tim, Zaskia, 
Victor, TuHa, Jeroen, Margot, Jasper, Sjef, Sudip, Vincent, Sophie, Kasper, Dennis W., 
Marloes, Dennis V., Lee, David, Rueben, Paul T., Bas, Kerstin, Maddy, Marco, Richard H., 
Michal, Mark, Jeroen, Paul K., Joost, Joris M., Remko, Neil, mijn oud-stagebegeleiders 
Matthijs Otten en Henri Spijker, en iedereen die ik ongetwijfeld nog vergeten ben te 
vermelden maar er wel bijhoren, bedanken voor de leuke tijd! Emile, bedankt dat je me de 
mogelijkheid hebt geboden om op jouw afdeling te kunnen werken bij Océ. Ik wil mijn 
collega’s bij Océ alvast bedanken voor alle hulp die ik tot nu toe heb mogen ontvangen. 
 
Papa, mama, bedankt dat jullie er altijd voor me zijn, en me altijd steunen in alles wat ik 
doe. Ik woon nu al bijna 10 jaar in Nijmegen, maar elke keer als ik weer bij jullie in 
Breskens kom voel ik me meteen weer thuis. Dennis en Judith, bedankt voor alle hulp 
door de jaren heen en veel geluk samen! Ronald, Elly en Priscilla, bedankt dat jullie me 
door de jaren heen altijd gesteund hebben! Opa, nog een boekje voor de verzameling! 
 
Het zit erop, mijn proefschrift is nu eindelijk écht af! 
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